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ABSTRACT
TIME-RESOLVED ELECTRON DIFFRACTION STUDIES OF PHASE
TRANSITIONS AT LOW -INDEX GERMANIUM SURFACES
Xinglin Zeng
Old Dominion University, 2001
Director: Dr. Hani Elsayed-Ali

The phase transitions at the low-index surfaces o f germanium were investigated
using conventional and 100-ps time-resolved reflection high-energy electron diffraction.
For the time-resolved studies, the surface is heated by 100-ps laser pulse while a
synchronized electron beam probes the structure. When heated by 100-ps laser pulse,
G e(lll)-c(2x8) and Ge(100)-(2xl) reconstruction is seen to overheat above the onset
temperatures for the disordering under thermodynamic equilibrium. Slow heating shows
that the adatoms in the G e(lll)-c(2x8) reconstruction state start to disorder at —510 K
and are converted to a totally disordered adatom arrangement at 573 K. For heating with
100-ps laser pulses, time-resolved electron diffraction shows that the Ge(lll)-c(2x8)
reconstructed adatom arrangement starts to disorder at 584±16 K, 74±16 K above the
onset temperature o f 510 K for the disordering o f G e(lll)-c(2x8) observed for slow
heating. For slow heating, on a heated stage, the Ge(100)-(2xl) reconstruction is
observed to lose its long range order between 900 K and 1000 K. For heating with 100-ps
laser pulses,

time-resolved electron diffraction shows

that the

Ge(100)-(2xl)

reconstructed surface starts to disorder at 1027±44 K, 127±44 K above the onset
temperature o f 900 K for the disordering o f Ge(100)-(2xl) observed for slow heating.
The overheating o f Ge(100)-(2xl) heated by ultrafast laser pulse is consistent with the
domain wall proliferation during the Ge(100)-(2xl) - ( lx l) phase transition. For Ge(l 11)
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incomplete melting, the phase transition spreads from 1020 K to 1070 K with slow
heating, while for 100-ps laser heating, the incomplete melting occurs in the transient
temperature range from 1083±23 K to 1138±32 K. Overheating o f the 1-2 topmost
bilayers on G e (lll) surface during incomplete melting phase transition is attributed to
the layering effect which results in an energy barrier for the 1-2 topmost layers to melt.
On the melting o f the low-index surfaces o f germanium, the G e(ll 1) surface is
observed to remain in its incomplete melting structure up to at least Tm+ 134±40 K when
heated by a 100-ps laser pulse. Both the Ge(100) and Ge(110) surfaces are observed to
melt near the bulk melting temperature when heated with 100-ps laser pulses, which
favor the lack o f surface superheating o f Ge(100) and Ge(l 10). The overheating o f the
incomplete melting state o f G e(l 11) above the melting point is attributed to the strong
layering effect o f the topmost 1-2 germanium liquid layers in contact with the solid
substrate underneath and the metallization o f the topmost 1-2 liquid layers.
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CHAPTER 1
INTRODUCTION

1.1 Two-dimensional phase transition and surface phase transitions

Surface phase transitions versus temperature have attracted considerable attention
in recent years.1 All surface phase transitions fell into two categories: order-to-order and
order-to-disorder. An example o f order-to-order surface phase transition is Ge(100)c(4x2) —(2x1) phase transition taking place at 240 K,2 while for order-disorder surface
phase transitions, there are G e(lll)-c(2x8) — (lx l),3,4 Ge(100)-(2xl) — ( lx l) ,5 and
surface melting transition.6"8 If property o f a surface phase transition exhibits negligible
dependence on the direction perpendicular to the surface, it can be approximately treated
as a two-dimensional (2-D) phase transition. From the thermodynamic point o f view, a
surface phase transition can be understood from the calculation o f the surface energy
balance. However, theoretical calculation o f the surface energy could be problematic with
the complexity o f the modeling o f the interatomic interactions.
Phase transition is one o f the few phenomena in physics in which the
dimensionality o f the system is fundamental to the problem. The study o f two
dimensional phase transitions such as those occurring on surfaces plays an important role
in understanding the fundamental physical laws, since very few systems existing in
nature, are truly two dimensional. Even though the underlying laws governing phase
transitions do not dependent on the dimensionality o f the system, the thermodynamic
parameters, for example, the temperature coefficient o f specific heat, for the 2-D phase
are different from the 3-D bulk thermodynamic parameters. In the 2-D situation, these
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parameters are more closely related to the microscopic correlation factors. This makes the
surface phase transition difficult to predict from the thermodynamic calculation o f the
energy balance. On the other hand, when the surface phase transition is induced by fast
heating and cooling such as heating by ultra-fast laser pulse with picosecond or
femtosecond temporal width, the phase transition is drive to deviate from the
thermodynamic equilibrium condition. In this case, dynamic factors are involved, and the
thermodynamic calculation may become problematic. Molecular Dynamic simulations
are used for a better understanding o f the problem.9 In this thesis project, I report the
time-resolved reflection high-energy electron diffraction study on the phase transitions
and melting occurring on the low-index surfaces o f germanium.
In this thesis, the main concerns are the surface order to disorder transitions.
Surface disorder processes include surface melting, surface roughening transition, and
surface faceting. Surface melting describes the disorder o f surface below the bulk melting
temperature. It was first observed on open surfaces like Pb(110), Al(llO).6'8 For these
open surfaces, it is energetic favorable to form a disordered liquid layer on the surface
below the bulk melting point. As the temperature is increased, the thickness o f this
disordered layer increases logarithmically and diverges at the melting point.6'8 The
occurrence o f surface melting can be estimated from the net free energy change upon
conversion o f the SV interface into two non-interacting SL and LV interfeces on both
sides o f the melted liquid layer. The net free energy difference Ay =
Ysl , Ylv ,

and

y sv

ysl

+ Ylv - Y sv,

where

are the free energies for the solid-liquid, liquid-vapor, and solid-vapor

interfeces, respectively. Ay is dependent on surface orientation. For open surfaces like
Pb(l 10) and Al(l 10), Ay is positive to fevor surface melting on these surfaces, whereas it
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is negative for close packed surfaces such as P b ( l l l ) and A l( lll), which do not melt
below the bulk melting point. However, recent experimental studies have shown that the
sign o f Ay does not account for all surface melting phenomena. Measurements o f Pb(001)
and G e(l 11) have demonstrated that these surface exhibit incomplete melting, where a
disordered film with a finite thickness is developed at a temperature below the bulk
melting point.10,11 The thickness o f the disordered layer remains constant up to the bulk
melting temperature. The incomplete melting o f these surfaces is attributed to the
layering effect or metallization effect.12,13
Another type o f surface disorder transition is the surface roughening transition,
i.e., the morphologic change o f surface. The roughening transition was first proposed to
explain the growth properties o f the solid-vapor interface. Evidence for the existence o f
this transition was first obtained from the growth o f He4 crystal.14 Since then it has been
found to occur on open metal surfaces as well. A typical (110) surface at low temperature
with steps is shown in Fig. 1.1(a).14 The ordered surface with steps is stable only when
the step-step interactions are repulsive at all temperatures. If the interaction is not too
strong, at some temperature T r below the bulk melting point it is energetically favorable
for the steps to grow in height and number. As shown in Fig. 1.1(b), during roughening
transition, the entropy gained by increasing the number o f steps is larger than the energy
loss by placing the steps close together. At the roughening temperature

T r,

the free

energy change required to form a step becomes zero, and the height-height correlation
function diverges logarithmically.14 Step formation on the surface increases the entropy
as shown in Fig. 1.1(c), especially when the steps are not straight. The increase o f the
entropy o f the surface drives the free energy change to zero at T r, i.e., there is no energy
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barrier for roughening transition to occur. T r must be lower than the melting temperature
o f surface Tm, which is lower than the bulk melting temperature.14 Therefore roughening
transition only occurs on the more open surfaces such as the (1 lm ) surfaces, where it is
more difficult for RMS vibrational amplitude to exceed the interatomic spacing for the
surface melting to occur. This consideration also suggests that for increasing m, (11m)
surface will have decreasing

T r . 14 At T r( 0 0 1 )

the meander entropy becomes large enough

that the free energy needed to create steps vanishes. In this case, islands with nested
boundaries are formed as shown in Fig. 1.1(c). In contrast with surface melting where
surface atoms are not located in lattice sites, throughout the surface roughening transition
all surface atoms remain located on lattice sites, and the only form o f disorder is the
absence o f surface flatness.

Fig. 1.1 Schematic o f the roughening
transition on a (1 lm) surface, (a). T < T r,
step edges are straight with a low density
of isolated kinks, (b). T > TR(llm ), the
step edges meander, (c). T > TR(001),
nested islands with fractal boundaries
form.14
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Another morphological change that may occur on an open surface exhibiting
surface melting is surface faceting.15 Surface faceting is the decomposition o f a
macroscopic surface orientation into a structure combination o f different orientations.
Nozieres first suggested that a range o f surface orientations between melted and non
melted orientations is unstable.16 This proposed model was used to explain the absence o f
a range o f surface orientations around the (111) facet on the equilibrium shape o f small
Pb crystallites.17 MD simulations by Bilalbegovic et al. also indicated that a coexistence
o f surface melted and non-melted orientations makes some surface orientations stable.18

Fig. 1.2 Schematic picture o f surfacemelting-induced faceting. The surface
M e lted su r fa c e

with initial miscut orientation has
decomposed into ‘dry’ and melted

(1 1 1 ) p la n e

facets.10

From the thermodynamic point o f view, the free energy difference Ay determines
the surface melting or non-melting. For Ay positive, surface melting is favorable
energetically. For Ay negative, a non-melting surface is expected up to the bulk melting
point. However, the sign o f Ay is dependent on the orientation o f the surface. For close
packed surface like (111) Ay is negative and Ay is positive for open surfaces like (110).
The strength o f the surface melting effect is determined by the magnitude o f Ay. On the
surfaces vicinal to (111), the originally flat surfaces w as observed to form a faceted
morphology with two well defined orientations: the ‘dry’ facet (111) and a ‘wet‘ melted
facet that is much further mis-oriented from (111) plane than the original vicinal surface
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as shown in Fig. 1.2.10 In spite o f the resulting increase in total surface area, this lowers
the overall free energy below that o f the non-faceted, fully ‘dry’ or fully ‘wet’
configurations o f the original vicinal surface orientation.
Detection o f the surface phase transitions was achieved by thermal technique such
as specific heat, structure techniques which direct detect the order parameter like
LEED,19 RHEED,20 X-Ray diffraction,21 and STM,22 Helium atomic scattering,23
Medium

energy

ion

scattering;6

electronic

detection

including

spectroscopic

ellipsometry,24 core-level photoemission,25 electron energy loss spectrum.26

1.2 W hy use Germanium as a m odel elem ental semiconductor?

In the time-resolved RHEED, one important thing is to effectively couple the
optical energy into lattice to cause enough transient temperature rise detectable from the
diffracted electron beam intensity decay. When an optical pulse is deposited on the
surface o f germ anium., a portion o f the pulse is reflected. The unreflected portion enters
the bulk o f the crystal where it is absorbed. The penetration depth o f light with 1064 nm
wavelength is about 1pm on germ anium surface at room temperature. The photons
entering the bulk o f the crystal are absorbed primarily in two processes.27 In the first
process, “direct optical absorption,” a photon is absorbed by an electron which makes a
transition from near the top o f the valence band to the conduction band valley, leaving
behind a hole in the valence band. Such a process is allowed because the energy o f the
photon ( ~ 1.3 eV) is greater than the direct bandgap (~ 0.8 eV). Once there are electrons
in the conduction band, free carrier absorption is possible. Free carrier absorption is the
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process whereby an electron in any o f the conduction band valleys makes a transition to a
state higher in that same valley by means o f simultaneous absorption o f photon and
absorption or emission o f a phonon. An identical process occurs for holes in the valence
band as well. The rate for direct absorption is usually larger than that for free carrier
absorption. However, the rate at which direct absorption events can occur decreases as
the number o f occupied electron states in the conduction band valley increases. On the
other hand, the rate for free carrier absorption events increases as the number o f electrons
(and holes) in the conduction band (and valence band) increases, especially at high
temperature near the bulk melting point.
Germanium was chosen as a candidate for this research for the following reasons:
(1) Well-polished germanium surfaces with the three low-index orientations are readily
available. Their flatness ensures the RHEED patterns present surface structures not the
transmission structure o f the islands on the surface. Good surface ensures the detectable
intensity o f the time-resolve RHEED pattern as well. (2) Vapor pressure for germanium
at high temperature (near the bulk melting point) is ~ 10‘7 Torr low enough not to affect
the RHEED measurements. (3) Germanium is the well characterized semiconductor
whose direct energy bandgap (~ 0.8 eV) comparable to but less than the photon energy (~
1.3 eV) o f the used laser heating wavelength, which allows effective heating on the
sample surface. (4) Several surface phase transitions on Ge surfaces were observed and
studied by continuous RHEED and other surface techniques like X-ray diffraction,
Helium atomic scattering, and core-level photoemission. (5) The surface processes
occurring on the germ anium low-index surfaces at elevated temperatures are not well
understood. (6) Melting dynamics of metals were widely investigated; however, there is
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very little research on the melting dynamics for semiconductors. (7) Superheating o f
metal surface by ultrafast laser pulse heating was found on metal surfaces like Pb(l 11)
and Bi(0001);20 however, similar measurement on semiconductor has not been taken
before.

1 3 Time-resolved RHEED observation dynamics

Time-resolved RHEED provides an effective and direct way to “see” surface
structure changes under very high thermal pump in an order o f 1012 K/sec induced by
ultrafast laser pulse. In addition to the structural information that RHEED provides, the
intensity of diffracted electron beams is also sensitive to surface temperature. As the
temperature is raised, the atomic thermal vibration is enhanced which causes the RHEED
intensity decrease with temperature. This effect is described by Debye-Waller effect,
which can be used as a transient temperature probe to obtain a time-resolved surface
temperature measurement. The ultra-short electron pulses, with temporal width
comparable to the laser pulses, produced from the absorption o f light on a photo-cathode
provides a high temporal resolution to probe the surface while it is transiently heated by a
100-ps laser pulse. The high temporal resolution measurements combined with
conventional continuous RHEED, which probes the top few atomic monolayers o f the
surfaces are used to monitor the dynamics o f phase transitions on the Ge low-index
surfaces. A 100-ps laser pulse heats the surface in a transient manner to induce the
surface phase transition while a synchronized 100-ps electron pulse is used to obtain the
surface diffraction pattern. By analyzing the intensities o f the diffraction patterns, the
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dynamic process o f phase transition can be monitored. Surface phase transition induced
by 100-ps laser heating exhibits different behavior from that under thermodynamic
equilibrium condition. This is especially true for those phase transitions with energy
barrier. Under the 100-ps transient heating some o f the metastable phases can survive
above the phase transition temperature. This overheating effect o f the surface phases was
observed on G e(lll)-c(2 x 8 ) reconstruction and the G e (lll)-(‘T x l”)h high temperature
phase.28,29 While MD simulations performed on the G e(lll)-c(2x8) shows that this
reconstruction survives for 3 ps at 1200 K.30 In this dissertation, I am reporting my study
on the dynamics o f G e(lll)-c(2x8) o

( l x l) phase transition, G e (lll)-(‘T x l”)h high

temperature phase transition, and Ge(100)-(2xl) <=> ( lx l) phase transition.
The other part o f my research is to study dynamics o f melting on Ge low-index
surfaces. Superheating o f free surfaces have been demonstrated on the close-packed
P b ( lll) and Bi(0001) surfaces using time-resolved RHEED.20 According to the
thermodynamic model,31 superheating is a metastable state above the melting
temperature, in which the surface remains ordered because o f an energy barrier existing
for the surface to melt. The maximum superheating temperature is determined by the
instability temperature at which the energy barrier disappears. For those surface
exhibiting non-melting behavior, superheating is possible to be observed. Because the
superheated state is a metastable state that can only exist for a limited amount o f time,
our 100-ps time-resolved RHEED provides a direct probe to detect the superheated state
o f a free surface. The thermodynamic quantities o f Ge show that Ge is a non-melting
material. Because these thermodynamic quantities represent an average packing density
o f Ge, different orientation may present different melting behavior. In this dissertation, I
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am also reporting the time-resolved RHEED experiments on G e (lll), Ge(100), and
Ge(110) Iow-index surfaces aiming at investigation o f the structural stability o f these
low-index surfaces under

1 0 0

-ps laser heating.
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CHAPTER 2
EXPERIMENTAL METHODS

2.1 Time-resolved experimental setup

The proposed experiments are performed on the time-resolved reflection
high-energy electron diffraction system as shown in Fig. 2.1. 1
Beam Splitter Amplifier
Nd:YAG Regenerative
Amplifier

/

—V -------- E 3 /
Optical delay line

4©
I

A n t pulse
Beam
~
Expander* f

*
^

Fig. 2.1 Experimental setup for
time-resolved reflection highenergy electron diffraction.

UV pulsej
electron pulse

TM
Photoactivated electron gun

£

52MicroChannel Plate

Ultrahigh vacuum

The fundamental beam o f a Nd:YAG laser (A. = 1.06 pm, FWHM = 100 ps) is
split into two beams. The first is amplified and interacts with the sample surface at near
normal incidence, providing a pulsed heating source. The second is frequency quadrupled
to the ultraviolet (X = 0.266 pm) and is incident on the cathode o f a photoactivated
electron gun, producing electron pulses with temporal widths comparable to those o f the
fundamental laser pulses. The resulting electron beam is incident on the surface o f the
sample in a glancing angle o f the RHEED geometry and probes the first few atomic
layers. The diffracted electron beams are amplified by a chevron microchannel plate
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assembly, which is proximity focused to a phosphor screen. The resulting RHEED
pattern is lens imaged onto a charge-coupled device camera for quantitative analysis.
The photoactivated electron gun is house-designed using two magnetic lenses. A
schematic o f the photoactivated electron gun is shown in Fig. 2.2. The cathode is a
polished 200 pm thick Zinc disc. The photoelectrons are accelerated to 21 keV energy
within 3.6 mm spacing between the cathode and the grid with an electric field o f ~

6

kV/mm. This high electric field eliminates the space-charge effect near the cathode. After
a

2 0 0

-pm extraction pinhole on the grounded grid, the divergent electron beam is focused

to near parallel beam by the first magnetic lens with short focus length. The second lens
with long focus length is used to further focus the electron beam to —300 pm in diameter
(FWHM) with a divergence angle o f ~ 2x1 O' 3 degree.

Cathode
Zinc
Grid
-21 kV 200 um
pinhole

Fig. 2.2 Schematic o f house-

First
lens

Second
lens

designed photoactivated electron

1 3

gun. The cathode is biased at —
21 kV and the grid is grounded.
First lens is permanent magnet
inside UHV. Second lens is

UVbeam
268 nm

magnetic coil outside UHV.

The laser system consists o f a Nd:YAG oscillator, Nd:YAG regenerative
amplifier, and a one-pass NdrYAG amplifier. The oscillator operates at 76 MHz with 17
Watts and 1064 nm wavelength output. The regenerative amplifier is house built. The
regenerative amplifier is injected by the oscillator and runs at 800 Hz with 0.5 mW per
pulse output. The output beam o f the regenerative amplifier passes through a second
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harmonic generator (SHG) with conversion efficiency o f 10%. The result 532 nm beam is
directed to another SHG to generate UV (266 nm) light, which is energetic enough to
produce photo-electrons on the cathode. The rest o f the fundamental beam is delivered to
a one-pass Nd:YAG amplifier, where the beam energy o f 20 mW per pulse is achieved.
The operation frequency o f the one-pass amplifier is 50 Hz. The regenerative amplifier
can also be triggered by the one-pass amplifier and operated at 50 Hz. The laser beam
after the one-pass amplifier is expanded and collimated to a beam size o f 9 mm in
diameter measured at FWHM before it is delivered to the sample surface.
The pulse-to-pulse heating laser fluctuation is within ±10%. The spatial nonuniformity o f the beam across the sample can be controlled within ±15% by making the
sample size less than the FWHM o f the expanded heating laser beam profile. The heating
laser pulse and the electron probe pulse are temporally synchronized on the surface o f the
sample. An optical delay line on the heating beam is used to set different delay times
between the heating laser pulse and the electron probe pulse. This allows the RHEED
patterns to be monitored throughout the pulse heating process. The laser is operated at 50
Hz repetition rate during a time-resolved RHEED experiment. A total o f 3000-5000 laser
pulses were used to acquire each datum.
The time-resolved RHEED system can also be operated at the continuous mode in
which an UV lamp is used to illuminate the cathode o f the photoactivated electron gun,
producing a steady continuous electron beam. This mode o f operation is used to
characterize the temperature dependence o f the surface structure, where a stable and
strong electron beam is essential. This temperature dependence o f RHEED intensity
serves as a calibration for converting the time-resolved diffraction intensity to a transient
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surface temperature rise. The electron energy for the photoactivated RHEED gun
operated in both pulsed and continuous mode is 21 keV.

2.2 Sample characterization

Germanium single crystal samples were cut to (111) ± 0.2°, ( 1 1 0 ) ± 0.3°, and
(100) ± 1° orientations by manufacturer. G e ( lll) and Ge(100) are undoped with
resistivity o f 42-45 Ohm.cm and 47-55 Ohmxm, respectively. Ge(l 10) is N-type doped
with resistivity in 1.91 to 2.49 Ohm.cm. The surfaces o f the samples have been polished
for epitaxy-ready by the manufacturer. The small mis-cut angles minimize effects caused
by terraces, steps, and step edges formed on the vicinal surfaces. The sample is heated
during the experiment by passing through it direct current. At the low temperature range,
the surface temperature is monitored by an R-type thermocouple pressed against the
surface o f the sample with an uncertainty o f ± 2 °C. At the high temperature range, the
surface temperature is measured with an infrared pyrometer, which is calibrated to the
melting point o f the bulk Ge using an emissivity o f 0.46. The accuracy o f the pyrometer
measurement is estimated to be ± 10 °C. The time-resolved RHEED system is operated in
ultrahigh vacuum in the low 10~ 1 0 Torr range. The samples were cleaned in situ by cycles
o f Ar+ bombardment at about 500 °C followed by annealing at 700 °C for 10 to 30
minutes. The samples were always kept at 500 °C between experiments. An Auger
analyzer is used to check surface cleanness before each experiment. No detectable
impurities are observed before and after data acquisition. A RHEED pattern o f Ge(l 11) at
room temperature is shown in Fig. 2.3; the c(2x8) reconstruction is clearly observed.
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Fig. 2.3 RHEED pattern o f the
G e ( lll)
temperature
activated

surface

at

room

taken by

photo

electron gun.

The

electron beam is incident along
[1

1 0

] direction.

2 3 Auger electron spectroscopy

Auger electron spectrum was used to detect the surface cleanness on the samples.
Auger electron spectroscopy (AES) identifies elemental compositions o f surfaces by
measuring the energies o f Auger electrons. An Auger spectrum plots the derivative o f
number o f Auger electron to electron energy versus electron energy. In this way, the
background caused by the secondary electrons and back-scattered electrons is largely
reduced. The basic Auger process starts with removal o f an inner shell atomic electron to
form a vacancy. Several processes are capable o f producing the vacancy, but
bombardment with an electron beam is the most common. The inner shell vacancy is
filled by a second electron from a higher shell. The energy balance o f the two atomic
levels is simultaneously released to produce a third electron, i.e., the Auger electron. For
low atomic number elements, the most probable transitions occur when a K-level electron
is ejected by the primary beam, an L-level electron drops into the vacancy, and another
L-level electron is ejected. Higher atomic number elements have LMM and MNN
transitions that are more probable than KLL. The Auger energies fall between secondary
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electron energies on the low end and back-scattered electron energies on the high end.
The secondary electron and the back-scattered electrons are filtered out in the detection.
The Auger electrons start with narrow energy distributions, but they soon lose energy as
they pass through materials. Auger electrons fail to emerge with their characteristic
energies if they start from deeper than about 1 to 5 nm into the surface. Thus, Auger
analysis is surface specific. A typical Auger spectrum before and after ion bombardment
cleaning is shown in Fig. 2.4. As we can see, heating at high temperature removes the
oxygen absorbed on the surface; however, carbon remains on the surface. Argon ion
bombardment is used to remove the carbon contaminant on the surface.
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2.4 Reflection H igh Energy Electron Diffraction

2.4.1 RHEED geom etry

Low Energy Electron Diffraction (LEED) utilizes the inherent surface sensitivity
associated with low energy electrons in order to sample the surface structure. As the
primary electron energy is increased, the surface specificity decreases. In order to extract
surface structural information from the diffraction o f high-energy electrons, the reflection
geometry is used, in which the electron beam is incident at a very grazing angle. It is then
known as Reflection High Energy Electron Diffraction (RHEED). Fig. 2.5 shows the
basic setup for a RHEED experiment, with the sample viewed faced up.

Rotation axis
Electron gun

Fig. 2.5 A schematic of
RHEED geometry.

Sample
Phosphor screen

RHEED is widely used in monitoring the epitaxial growth o f thin films in high
vacuum . 2 In practice the display screen is usually a phosphor coating on the inside o f a
vacuum window and the diffraction pattern can be viewed and recorded from the
phosphor screen. Using relatively large sample to screen distance compensates for the
small scattering angle involved in RHEED. The sample can be rotated about its normal
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axis so that the electron beam is incident along specific crystallographic azimuth
directions on the surface. The use o f glancing incidence ensures that the component o f
the electron momentum perpendicular to the surface is small, despite the high energy o f
the electrons. Under these conditions an electron may travel a substantial distance
through the solid without penetrating far into the solid. This is in accordance with the
much longer mean free path o f such high-energy electrons compared to that o f LEED.
Therefore, RHEED remains surface sensitive. The geometry o f the RHEED experiment
allows much better access to the sample during observation o f the diffraction pattern.
This is particularly important if it is desired to make observations o f the surface structure
during growth o f a surface film by evaporation from sources located normal to the sample
surface or simultaneous with other measurements. In RHEED the resulting pattern is a
series o f streaks instead o f spots observed in LEED. The distance between the streaks
being an indication o f the surface lattice unit cell size. I f a surface is atomically flat, then
sharp RHEED patterns are seen. If the surface has a rougher surface, the RHEED pattern
is more diffuse. This behavior can lead to “RHEED oscillations” as a material is
evaporated onto a surface layer by layer. RHEED is therefore o f particular use with
Molecular Beam Epitaxy (MBE) to monitor and control the film growth process. This is
by far the most important application o f RHEED. The grazing incidence makes RHEED
highly sensitive to the surface morphology. Any asperity will give rise to a pattern o f
sharp spots corresponding to transmission electron diffraction.
The surface symmetry is immediately apparent in the LEED pattern as it directly
corresponds to the Ewald sphere for the incident energy. However, the RHEED pattern is
a projection o f the reciprocal lattice on the screen since the Ewald sphere is much larger
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than that o f LEED. The sample must be rotated about its surface normal and the pattern
examined from at least two angles to establish the surface symmetry. The intensity
variation along a RHEED streak contains information equivalent to a LEED I-V
spectrum, but extracting this information is difficult and requires the multiple scattering
to be modeled. The usual way o f measuring this is to rock the angle o f incidence o f the
incident beam and measure the change in the intensity o f the specular spot.

Ewald sphere

Reciprocal
lattice rods

Fig. 2.6. A schematic
o f reciprocal lattice rod
for

surface

structure

and the Ewald sphere
construction in RHEED
geometry.

The understanding o f RHEED representation from a lattice is achieved in terms
o f its reciprocal lattice and the Ewald sphere construction as shown in Fig. 2.6. In the
case o f surface structure, the reciprocal lattice is simplified to two-dimensional lattice
with the reciprocal rod perpendicular to the real surface. The Ewald sphere gives simply
the conservation o f energy for elastic scattering, i.e., the incident electron momentum
equal to the scattered electron momentum in magnitude. The superposition o f the Ewald
sphere onto the reciprocal lattice shows the conservation o f momentum and energy in
Laue conditions S = Ghu, where S is the momentum transfer and Ghki is the reciprocal
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lattice vector. The momentum transfer is defined as the difference o f wave vectors o f
scattered and incident electrons, Le., S = k —ko. ko and k are the wave vectors o f the
incident and scattered electrons, respectively.

The diffracted RHEED intensity

distribution in angle at constant energy is then given by the intersection o f the Ewald
sphere with the reciprocal lattice as shown in Fig. 2.6.

2.4.2 Real and reciprocal lattice o f G e (lll), Ge(100), G e(llO )

The reciprocal lattice is a set o f imaginary points constructed in such a way that
the direction o f a reciprocal lattice vector from one point to another coincides with the
direction of a normal direction to the real lattice planes. The separation o f those points is
equal to the reciprocal o f the real inter-planar distance. Suppose the lattice vectors for a
real lattice unit cell are a, b, and c, then the reciprocal lattice vectors a*, b*, and c* for a
unit cell in the reciprocal lattice are defined as following,
a* = 271 b x c / V; b* = 2tz c x a / V; c* = 2iz a x b / V
Where V = (a x b).c is the volume o f the unit cell in real lattice.
For two-dimensional lattice, the expressions become,
a* = 2k b x n / V; b* = 2n n x a / V
Where n is the unit vector o f the surface normal direction. V is then reduced to the area
o f the unit cell o f the reciprocal lattice. The reciprocal lattice points are then extended in
the surface normal direction and become the reciprocal lattice rods. RHEED pattern o f a
surface structure is a projection o f the reciprocal lattice rods on the phosphor screen
through the Ewald sphere. Fig. 2.7 shows the real and reciprocal lattice o f G e ( lll) ,
Ge(100), and Ge(llO).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

23

[-110]
[10-1]

\

[110](
«.7«7a

•[10-1]

.

[1.211

[1-21]

[11^]

[11-2]«
•

T*y la y e r

•

0 .1 4 1 a b e lo w

Racipracal Iattic*

Raal lattice

«

■

■

■

■

- \
•
•

■
[• • 1 1

[•• 1]

Ld

/
a
[•i«i

»

•

■

•

iai«i

•

•

*

•

*

•

■ Tap layar

•

•/« balaw

■ a /2 b a la w

♦

3 a /4 b a la w

Raal lattlca

^1 1 0 ]

(b )

■

[1-11]

R a c ip ra c a l la ttlc a

[1 -11]

■

[-112]

P01J
P01]
■ T ap la y a r
a b/2 b alaw
b sP .7 P 7 a
R aal la ttlc a

(c)

R a c ip ra c a l la ttic e
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Ge(100); (c). G e(llO).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

24

2.4.3 RHEED patterns o f germanium samples

The RHEED patterns shown here for Ge(l 11), Ge(100) and G e(l 10) were taken
using the continuous RHEED gun operated at 7 keV. Reciprocal lattices are shown.

(a)

[-1101
[10-1]

Reciprocal lattice

(b)

[HO]
[10-11

Reciprocal lattice

Fig. 2.8 RHEED patterns o f G e (ll l) at room temperature. Electron beam is incident
along (a). [11 2 ] and (b). [1 2 1]. Arrows represents electron incidences.
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Fig. 2.9 RHEED patterns o f Ge(100) at room temperature. Electron beam is incident
along (a). [010] and (b). [O il]. Arrows represents electron incidences.
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(b)
Fig. 2.10 RHEED patterns o f G e(llO ) at room temperature. Electron beam is incident
along (a). [T12] and (b). [001]. The fraction streaks are possible due to the c(8xl0)
reconstruction. Arrows represents electron incidences.
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2.4.4 Mean vibration amplitude andDebye-W aller effect on surface

In the kinematic model o f electron diffraction, the atoms are treated as rigidly
located on the lattice sites, and this treatment works good to give explanation for the
spacing between the RHEED streaks. However, the atoms actually vibrate randomly at
temperatures above 0 K in their lattice origins. The thermal vibration o f atoms causes the
de-phasing effect on the diffracted electron beam resulting in thermal diffuse o f the beam
and the decrease o f the beam peak intensity. The magnitude o f the thermal de-phasing
effect on the RHEED intensity is related to the mean vibrational amplitude by DebyeWaller extinction, which can be expressed as I(T) = I(T = 0 K) exp[- 2MT], and 2MT =
<S.u>2,3 where S = k —ko is the momentum transfer o f the diffracted electron and a is the
atomic vibrational vector. In the quasiharmonic approximation, <S.u>2 = S.cu2^ where u
is the projection o f atomic vibrational amplitude vector along the direction o f momentum
transfer, and <u2> = \3hl T / mksGo2] T . 4 0d is the Debye temperature, h is the Planck’s
constant, ks is the Boltzmann’s constant, m is the atomic mass. Therefore, the DebyeWaller factor is given by 2M = S. [3/i2 T / mksOD2]. The Debye temperature can then be
obtained from the Debye-Waller extinction o f the diffracted electron beam intensity. In
RHEED, the momentum transfer is very close to the surface normal; therefore, <u2> is
the mean vibrational amplitude of the atom in surface normal direction. Since the atoms
at surface are much less confined along surface normal direction than other directions, the
effective surface Debye temperature from RHEED is less than that o f bulk. Fig. 2.11
shows the Debye-waller extinction o f the RHEED intensity o f (01) streak on the Ge(l 11)
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surface . 5 Surface 0d o f G e ( lll) determined from RHEED is 98±11 K, while the bulk
Debye temperature o f germanium is 290 K. 6

1.0

>>
X
e
g

ao'
S’ -os

0.8

-to
-15

0.6

■

X

300

X 0.4
M

400

300

600

TO

; 0.2

z

0.0
300

400

500

600

700

T M p i r a t i n (IQ

Fig. 2.11 Debye-Waller extinction o f the RHEED intensity o f the (01) streak on the
G e(l 11) surface. The inset is a semilogarithmic plot. The derived Ge(l 11) surface Debye
temperature is 98±11 K, whereas that o f the bulk is 290 K.
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CHAPTER 3
OVERHEATING OF G e(lll)-c(2x8) RECONSTRUCTION

3.1 Notation for reconstruction on surface

Imagine slicing a crystal w ith a diamond or fee structure, without disturbing its
atoms, such that the plane (hkl) is exposed. Atoms on the exposed surface will show a
regular distribution defined in the category o f the five possible two-dimensional lattice
patterns. This allows construction o f a two-dimensional primitive, or lx l, pattern. For a
diamond structure material, the surface primitive unit cell contains respectively 1 , 2 , or

1

atom(s) if the plane (hkl) is (001), (110), or (111), as is shown in Fig. 2.7. Termination o f
the lattice leads to destruction o f periodicity and loss o f symmetry. Therefore, on the
surface the lattice spacing in surface normal and in plane is in general not equal to the
bulk value. In most cases, the atoms in the surface region typically move along the
surface normal direction an amount o f distances (e.g., tenths o f angstroms) relative to the
positions, which they would have occupied in a ideal terminated surface. Such surfaces
are said to be relaxed. Relaxation in the topmost layers resulting in more prominent
surface thermal expansion than that o f the bulk as I reported for Ge(l 11) . 1 Equally, it is
not necessary that the lateral periodicity in plane is the same as the bulk periodicity.
Because the surface layers are in close contact with the bulk, there is a strong tendency
for the periodicity to be a simple multiple, sub-multiple, or rational fraction o f the bulk
periodicity. The symmetry o f the surface is often less than that o f the bulk. I f the surface
unit cell is spanned by vectors na and mb, rather than just a and b, which are the vectors
for unit cell with ideal termination. The surface is said to be n x m “reconstructed.” A
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standard notation has been adopted to describe these changed surface structures. For
example, the Si(hkl)-nxm symbol designates a structure parallel to the (hkl) lattice plane
o f Si, with dimensions o f primitive two-dimensional unit cell n times the lx l lattice
distance along a-axis and m times it along b-axis.

3.2 Why do semiconductor surfaces reconstruct?

Two basic concepts are direct related to the reconstruction occurring on the
semiconductor surfaces: chemical bonding and charge neutrality. We can visualize
semiconductors

as

being

bonded

together

by directional

covalent

(elemental

semiconductors) or partial covalent and partial ionic (compound semiconductors) nearestneighbor bonds as described, e.g., by Pauling 2 and Philips. 3 Each bond contains two spinpaired electrons. When a surface is formed, some o f these bonds are broken, leading to
the associated surface charge densities containing only one unpaired electron. Such ‘cut’
bonds are called ‘dangling’ bonds. The lack o f electron pairing makes dangling bonds
unstable, requiring the surface atoms to seek new coordinates. Hence, the atoms in the
surface region relax from their bulk positions in order to reduce the surface free energy
by forming new bonds. Reaching a structure exhibiting a local minimum in the surface
free energy implies that the chemical valences o f the surface species (or at least most o f
these species) are satisfied in reconstruction geometry.
For a typical surface, multiple local minimums associated with different surface
structures occur in the free energy . 4 Thus, more information is required to describe which
structure occurs in a given situation. N ot only do the surfaces o f the semiconductors
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exhibit relaxed atomic positions, but in general they also have a different chemical
composition from the bulk, even for clean surfaces. These compositions are governed by
the requirement that the surface region be charge neutral. 5 This requirement leads to the
prediction o f certain specific allowed stoichiometries for the surface compounds. Which
composition actually occurs depends on the conditions under which the surface is
prepared. I f the bulk semiconductor is uncharged (i.e., has no space charge region at the
surface), then the surface compound is uncharged and the surface is said to be auto
compensated. In general, a semiconductor exhibits a space charge region, in which case
the surface compound contains just enough charge to render the entire space charge
region electrically neutral. In this situation, the charge in the surface compound is
typically achieved by the generation o f charged defects in an otherwise periodic autocompensated structure . 6
Although the notions o f saturated chemical bonding and charge neutrality suffice
to illustrate the basic driving forces o f semiconductor surface reconstruction, the
description o f the details o f these reconstruction requires the introduction o f additional
concepts borrowed from chemical kinetics and solid state physics. For example, in
general the surface structure observed depends upon how the surface is prepared. The
Si(l 11) surface provides an illuminating example o f this fact: low temperature cleavage
generates a (2x1) structure which upon heating first becomes a (5x5) and then a (7x7)
structure, and upon further heating the surface disorders to give a ( lx l) structure. Thus,
the kinetic accessibility as well as the ground-state free energy plays an important role in
determining which o f the various possible reconstruction actually occurs under a specific
preparation condition.
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3.3 S i(lll)-(7 x 7 ) and G e(lll)-c(2x8) reconstruction

3.3.1 S i(lll)-(7 x 7 )

The high temperature 7x7 reconstruction o f S i( lll) was first observed in 1959
using LEED . 7 Since then an enormous number o f experimental investigations o f this
reconstruction have been made using scanning tunneling

microscopy (STM ) , 8

transmission electron diffraction, and x-ray measurements. Several structure models has
been proposed for this reconstruction, but only the Takayanagi 7x7 reconstruction is
consistent with all the available experimental measurements. 9 This reconstruction can be
described as the dimer adatom stacking fault (DAS) model and is characterized by: (1)
dimerization o f second-layer atoms, (2) adatoms, and (3) a stacking fault between the
first and the second layers over one-half o f the 7x7 unit cell. This is shown in Fig. 3.1. 10
Notice that the stacking sequence in the right half o f the surface unit mesh is the same as
in bulk Si while the stacking sequence left half is faulted.
The ideal (unrelaxed) 7x7 structure would contain 49 Si atoms in every surface
layer. In DAS model o f the 7x7 reconstruction, there are:
(I). Twelve adatoms in T4 sites in a 2x2-Iike arrangement in the adatom layer.
(H). Six rest atoms, three-fold coordinated but not bonded to adatoms, between the
adatoms in the second layer (rest layer).
(III). Nine dimers along the boundary o f the faulted half o f the surface unit cell (i.e., in
the third layer).
(TV). A comer hole (i.e., no atoms in the top three layers).
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Fig. 3.1 Atomic arrangement on S i(lll)-7x7 surface by DAS model. Asatoms are
shaded; rest atoms in the faulted and non-faulted triangles o f the 7x7 unit mesh are
marked R and r, respectively.

10
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There are a total o f 102 Si atoms in the top three layers o f the 7x7 unit cell. These
include: 12 atoms in the adatom layer, 42 atoms in the restatom layer, and 48 atoms in the
layer containing the stacking fault. O f all these 102 atoms, only 19 (the 12 atoms, six rest
atoms and the atom at the bottom o f the comer hole) possess dangling bonds. This
reduction in the number o f dangling bonds gives rise to the stability o f the 7x7
reconstruction.
The 7x7 reconstruction has been theoretically studied by using both the empirical
tight-binding method and the first-principle pseudopotential method. It was found that the
7x7 reconstruction is energetically favorable compared with the (2x1) reconstruction by
60 meV per ( lx l) unit mesh.

3.3.2 G e(lll)-c(2x8)

The balance between the lowering in energy due to reduction o f the dangling
bonds and the energy increase caused by the bond distortions is very delicate. Contrary to
what is observed in the S i(lll)-7 x 7 reconstruction, the G e(lll)-c(2x8) surface exhibits
only adatoms but no dimers and no stacking fault. The absence o f a stacking fault in the
Ge(l ll)-c(2x8) reconstruction results from an investigation using medium-energy ion
scattering . 11 The yield o f backscattered ions is smaller with G e(lll)-c(2x8) than with
Si(l 1l)-7x7 surfaces but is larger than what is expected with ideally terminated surfaces
in both cases. This finding indicates much smaller static displacements in the G e ( lll)
than in the Si(l 11) reconstruction and is indicative o f the absence o f stacking faults in the
Ge(l 1 l)-c(2x8) reconstruction. The angular dependence o f the yield o f backscattered ions
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could be equally well fitted by simulated spectra, which assumed adatoms either in H 3 or
in T 4 sites. The unambiguous location o f adatoms in T4 was eventually achieved by X-ray
diffraction. 1 2 The atomic arrangement on c(2x8) reconstructed Ge(l 11) surfaces is shown
in Fig. 3.2, where the domains and the domain boundaries are illustrated.
The difference between the 7x7 reconstruction on Si and c(2x8) reconstruction on
Ge has been correlated with the amount o f strain present in Ge (whose lattice constant is
approximately 4% larger than that o f Si sample). This is demonstrated by deposit Ge film
on Si while monitor the strain changing with increasing thickness o f the Ge film . 13 when
the film is less than lOOnm thick, the residual strain is about 0.4%, surprisingly a 7x7
LEED pattern is observed. Whereas c(2x8) is observed when the film thickness is above
1 0 0

nm with a decreased strain o f about 0 .2 2 %.

3.3.3 RHEED patterns o f G e(lll)-c(2 x8 ) at different temperatures

Fig. 3.3 shows the RHEED pattern o f G e(lll)-c(2x8) at different temperature.
We note that the Vz order and 1/8 order are fading gradually into the background as the
temperature is increased to the phase transition temperature.

3.4 G e(lll)-c(2x8) —(lx l) phase transition

At room temperature, the clean unstrained G e ( l l l ) surface displays a stable
reconstructed structure which was characterized to be centered (2 x 8

) . 14 ' 1 6

The c(2x8)

reconstruction can be described by a simple adatom model with a quarter o f a monolayer
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Fig. 3.2 Schematic illustration o f the G e(lll)-c(2x8) reconstruction and domains. Three
domains along three equivalent directions are shown. The domain boundaries are
indicated by the thick solid line.
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Fig. 3.3 RHEED pattern o f G e(lll)-c(2x8) at different temperatures. The electron beam
is incident along [11 2 ] azimuth. The incident electron energy is 7 keV. (a). Room
temperature; (b). Reciprocal lattice for three d o m ains; (c). 433 K; (d). 473 K.
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o f adatoms bonded on T 4 sites o f a bulk-terminated G e(l 11) bilayer. Scanning tunneling
microscopy (STM) studies show c(2x8) domains oriented along the three different but
equivalent directions at the surface, with domain size ranging from

2 0 0

A

to

2 0 0 0

A

depending on the surface preparation . 1 7 ,1 8 The boundaries between these d om ains are
accommodated by the formation o f local (2x2) adatom structures. 19 Near 573 K, the
surface is known to undergo a reversible phase transition in which the c(2 x 8 ) structure
starts to disorder from the domain boundaries. 1 7 As temperature is increased, the
disordered regions increase in size, and at about 573 K the whole adatom layer is totally
converted into an apparent ( l x l) phase as indicated by low-energy electron diffraction
(LEED ) . 3 Measurements o f the Ge 3d core level shows that the G e(lll)-c(2x8) —( lx l)
phase transition is o f the order-disorder type . 2 0 , 2 1 Several other techniques have been
applied to study the c(2 x 8 ) — (lx l) phase transition such as electron energy loss
spectroscopy , 2 2 core level study , 2 0 ,2 1 medium-energy ion scattering, 2 3 , 2 4 spectroscopic
ellipsometry , 2 5 helium atom scattering, 2 6 and photoelectron diffraction. 2 7 However, none
o f these techniques gave information on the temporal dynamics o f this phase transition.
First-principle molecular dynamics (MD) simulations provide a microscopic description
o f the dynamics o f the atomic system ; 2 8 however, direct experimental evidence has not
been available. We use time-resolved reflection high-energy electron diffraction
(RHEED) to investigate the evolution o f the phase transition in the time domain. Our
results show that the G e(l 1 l)-c(2x8) adatom layer starts to disorder at 584±16 K by 100ps laser pulse heating, whereas for slow heating it starts to disorder at ~ 510 K. The phase
transition is observed to be reversible.
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In order to characterize the structural behavior o f G e ( lll) surface with
temperature, measurements o f the RHEED streak intensity were performed as a function
o f the surface temperature. An UV lamp was used to excite the cathode o f the
photoactivated electron gun to produce a continuous electron beam. The electron beam
was incident along the [110] azim uth at a angle o f ~ 2.7 degree from the surface,
resulting in a probed depth o f ~ 4.2 A, corresponding to ~ 1.3 bilayers o f Ge(l 1 1 ). The
(0 2 ^) and (01) streaks were examined at the same time. RHEED streak intensities
normalized to that at 304 K versus surface temperature are shown in Fig. 3.4. The
exponential Debye-Waller behavior o f the (0-^-) streak is observed below ~ 510 K. At
higher temperatures, deviation from the exponential behavior occurs indicating the onset
o f adatom disorder in the c(2x8) reconstruction. The coexistence o f disordered and
ordered regions on the surface at temperature well below the 573 K transition
temperature was previously observed by STM . 1 7 Our results agree with the STM
observations. The Debye-Waller behavior o f the (01) streak persists above the phase
transition temperature, 573 K. The Debye-Waller factor, i.e., the slope o f the (01) streak
intensity versus temperature, is used to extract the transient temperature on the surface
during laser pulse heating, since it is not affected by the G e(lll)-c(2x8) - ( lx l) phase
transition. The MD simulation o f Takeuchi et al. showed that the mean square
displacements are larger for outer atoms in the first bilayer and decrease for the deeper
atoms . 2 9 Therefore, the Debye-Waller factor obtained from the (01) streak is higher than
that for the bulk. The effective surface Debye temperature for the G e(l 11) surface was
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Fig. 3.4 Normalized RHEED intensities, I/I(T = 304 K), o f the (0-j) and (01) diffraction
streaks versus temperature are plotted on a semilogarithmic scale. The (01) streak (A)
shows the Debye-Waller behavior over 300 K to 650 K, and an effective surface Debye
temperature of ©s = 98 K was obtained. The (O-j) streak (■ , with temperature decrease;
□, with temperature increase) shows the reversible G e(lll)-c(2x8) — ( lx l) phase
transition.
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calculated to be 0 S= 98 K from the Debye-Waller factor o f the (01) streak , 3 0 whereas the
Ge bulk Debye temperature 0 is 370 K. This is in agreement with results obtained from
the photoelectron diffraction and LEED results. 2 7 , 3 1

3.5 O verheating o f G e(lll)-c(2x8) reconstruction

In order to determine the laser pulse induced temperature rise on the G e (lll)
surface, time-resolved RHEED intensities o f the (01) streak normalized to that at the base
temperature o f 442 K were obtained for different delay times between the heating laser
pulse and the probing electron pulse. Results are shown in the inset o f Fig. 3.5.
The transient temperature rise was obtained using the Debye-Waller factor o f the
(01) streak from Fig. 3.4. The transient temperature evolution o f the G e ( lll) surface is
given in Fig. 3.5, where the solid line represents the prediction from a one-dimensional
heat diffusion model. 3 2 The parameters used in this model are as following: heat capacity
= 1.844x106 Jm^KT1, 3 3 thermal conductivity = 39.8 Wm"IfCI , ' >3 reflectivity = 0.379, 3 4
absorption coefficient = 1.8xl0 6 m‘ 1, 3 5 and a 100-ps FWHM Gaussian laser pulse with
peak fluence = 1.8x10s W/cm2. The experimental results agree well with the heat
diffusion model. Fig. 3.5 also relates the maximum transient temperature rise on the
Ge(l 1 1 ) surface to the peak fluence o f the heating laser pulse. This is used to determine
the maximum surface temperature rise, which is proportional to the laser peak fluence.
Next, the sample temperature was raised close to the onset temperature o f the
reconstruction phase transition and used a fixed laser fluence to further raise this surface
temperature in a transient manner. The time-resolved RHEED intensity was monitored by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43

160

1.0

0.9
0.8
0.7
0.6
0.5

&

<D
120
J<D

100

3

oS
u,
<u
O

80

w

h

£

60

CD

40

D>
-*C
—
CD

f®*
I—
3
CZ3

20
0
0

1

2

3

4

5

Delay time (ns)

Fig. 3.5 Transient temperature rise on the G e(l 11) surface during laser pulse heating with
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one-dimensional heat diffusion modeL The inset shows the corresponding normalized
RHEED streak intensity I/I(T = 442 K) versus delay time.
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fixing the delay time at to, Le., the time at which the RHEED intensity is minimum which
is temporally close to the time o f maximum surface temperature rise. RHEED streak
intensity o f the (0 -y) streak normalized to that at the base temperature was obtained for
various peak laser fluences. The results are shown in Fig. 3.6 for three pump-probe scans
representing base temperatures successively closer to 510 K. In each o f the three scans,
the exponential Debye-Waller behavior with temperature remains for some lower laser
peak fluences with a corresponding surface Debye temperature ©s o f 110 K, 109 K, and
87 K for base temperatures o f 442 K, 473 K, and 507 K, respectively. This is within
±12% o f 0 S = 98 K observed for the slow heating. Deviations from Debye-Waller
behavior occurs at higher peak laser fluences depending on the base temperature,
indicating that the adatoms are no longer bonded to the T4 sites by a harmonic oscillator
and start to diffuse as the temperature is increased. From Fig. 3.4, we see that the adatoms
start to diffuse at ~ 510 K which is well below the thermodynamic transition temperature
o f 573 K. This behavior was explained as premelting

17

or as a result o f surface strain. 2 5

On the other hand, an MD simulation showed that the energy barrier for the adatom
diffusion is decreased when surface vacancies are present. 3 6 It is reasonable to expect that
adatom diffusion starts at a lower temperature than the thermodynamic transition
temperature, because surface vacancies are always present on a real G e ( lll) surface.
This is also supported by the STM observation that the disorder starts from the domain
boundaries where surface vacancies are present . 1 7
In Fig. 3.6, the deviations from Debye-Waller behavior occur at laser peak
fluences o f 13.4±1.6xl07 W/cm 2 for a base temperature o f 507 K, and 17.3±2.1xl07
W/cm2 for a base temperature o f 473 K. The indicated errors are due to non-uniformity o f
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for slow heating.
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the laser beam across the probed sample area. These two fluences correspond to
maximum transient temperature rises o f 82±10 K and 106±13 K respectively. Therefore,
for 100-ps laser heating, the Debye-Waller behavior o f the c(2x8) lattice remains up to
589±10 K and 579±13 K for the two curves showing reconstruction in Fig. 3.6, giving an
average o f 584±16 K. For slow heating, the c(2x8) lattice starts to disorder at ~ 510 EC.
For both slow heating and 100-ps laser heating, the Ge(l 1 l)-c(2x8) — ( lx l) phase
transition occurs over a temperature range, AT, which we define to be the interval
between the onset temperature o f the phase transition and the temperature at which the
RHEED intensity is 10% o f that at the onset temperature. The onset temperature o f the
phase transition is that when the RHEED intensity deviates from the Debye-Waller
behavior. For 100-ps laser heating shown in Fig. 3.6, the G e(lll)-c(2x8) - ( lx l) phase
transition starts at 584±16 ECand spreads over a temperature range, AT, o f 58 EC, whereas
for slow heating, shown in Fig. 3.4, the phase transition starts at 510 K and spreads over a
temperature range o f 55 EC. Therefore, we conclude that the c(2x8) structure is overheated
by 74±16 EC above the onset temperature o f adatom disordering observed under
thermodynamic equilibrium conditions o f slow heating. MD simulations of the
reconstruction dynamics showed that the G e(lll)-c(2x8) structure survives for 3 ps at
1200 EC,30 whereas our experimental results show that the c(2x8) lattice persists up to
584±16 K for 100-ps laser pulse heating. We note, however, that the MD simulation
assumes an ideal step heating that brings the surface to high temperature instantaneously
and keeps it at that temperature thereafter. In our experiment, the sample is heated to a
high temperature within a time interval comparable to the laser pulse width and the
temperature decreases after that by heat diffusion to the bulk.
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Further experiments were performed to examine the temporal behavior o f the
Ge(l 1 l)-c(2x8) —(lx l) phase transition. In these experiments, the normalized RHEED
(P-^-) streak intensities were obtained at various delay times between the arrival o f the
heating laser pulse and the electron probe pulse at the surface o f the sample. Results for
varying incident laser peak fluences are shown in Fig. 3.7 where the base temperature o f
the sample is 507 K. The solid line is based on a solution o f the surface temperature rise
from a one-dimensional heat diffusion model, followed by converting the obtained
temperature rise to RHEED intensity o f the (0^-) streak using the Debye-Waller factor o f
that diffraction order obtained at temperatures below the phase transition. Deviation o f
the experimental data from the solid line, describing the model outcome, is due to adatom
disordering. In Fig. 3.7(a), the sample was heated to a maximum surface temperature o f
569±7 K when subjected to a laser peak fluence o f 10.2±1.2xl07 W/cm2 across the
probed sample area. For this case, the G e(lll)-c(2x8) lattice is overheated in the DebyeWaller region without disordering. This set exhibits qualities consistent with laser heating
and cooling as predicted from heat diffusion model. In Fig. 3.7 (b), (c), and (d), sufficient
laser peak fluences were provided to heat the sample to maximum surface temperatures
o f 593±10 K, 607±12 K, and 619±13 K respectively, which are above the onset
temperature o f 584 K for G e(lll)-c(2x8) - (lx l) phase transition observed for 100-ps
laser heating. For these sets, the (O-j) streak intensity exhibits an initially fast decrease
within ~ 200 ps. For the set (b), some limited Ge(l 1 l)-c(2x8) disordering is observed.
For the sets (c) and (d), the disordering is clearly observed and is maintained for the
duration o f the probed time, which is ~ 4.5 ns from the time o f the peak laser fluence on
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Fig. 3.7 Time-resolved normalized RHEED intensity o f the (0-j) streak o f the G e(l 11)c(2x8) surface subjected to varying laser peak fluences (Ip). The solid line is based on a
solution o f the surface temperature rise from a one-dimensional heat diffusion model,
followed by converting the obtained temperature rise to RHEED intensity o f the
(p4r) streak using the Debye-Waller factor o f that order. The surface is kept at a base
temperature o f 507 K. (a). Ip = 10.2±1.2xl07 W/cm2, is consistent with that expected
from heat diffusion; (b). Ip = 14.2±1.7xl07 W/cm2; (c). Ip = 16.3±2.0xl07 W/cm2, deviate
from that expected from heat diffusion indicating partial disordering o f G e(lll)-c(2x8).
(d). Ip = 18.3±2.2xl07 W/cm2, is near total conversion to G e(l 1 l) - ( lx l) structure.
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the surface. For the lower fluence o f Fig. 3.7(c), the c(2x8) shows only partial disorder.
The lack o f complete extinction o f the (D-j) RHEED intensity is thought to be due to the
combination o f the effects o f the growth o f the disorder from domain boundaries, and
perhaps microscopic laser fluence variation at the surface beyond that measured by
scanning the laser beam profile. The decrease in the surface temperature by heat diffusion
results in a surface temperature o f 559±6 K and 566±7 K, respectively, for (c) and (d) at
~ 4.5 ns from the time o f the peak laser fluence. For these temperatures the surface
disorder persists. The G e(lll)-c(2x8) structure is observed; however, to fully recover
before the next laser pulse is used for this 50-Hz experimental repetition rate. In all o f the
experiments reported here, no surface damage was observed on the sample.

3.6 Conclusion

In summary, we have investigated the dynamic behavior o f the G e (ll l)-c(2x8) —
( lx l) phase transition. For slow heating, our RHEED results show that the adatoms in the
G e(lll)-c(2x8) reconstruction state start to disorder at the vicinity o f 510 K and are
converted to a totally disordered adatom arrangement at 573 K. This is consistent with
previous LEED and STM observations.16' 17 However, by 100-ps laser pulse heating, our
time-resolved RHEED measurements show that the disorder starts at 584±16 K, 74±16 K.
above the onset temperature for the disordering under thermodynamic equilibrium. This
result is in qualitative agreement with the overheating o f G e(lll)-c(2x8) which was
previously only predicted from MD simulations.37 The overheating o f Ge(l ll)-c(2x8) is
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attributed to the diffusion energy barrier associated with the adatom disorder starting
from the domain boundaries.
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CHAPTER 4
TIME-RESOLVED REFLECTION HIGH ENERGY ELECTRON
DIFFRACTION STUDY OF THE GE(100)-(2X1) - (1X1) PHASE TRANSITION

4.1 Introduction

It is generally accepted that the Ge(100) surface is characterized by a strong shortrange reconstruction with a weaker long-range ordering across the domains. The
termination o f the bulk lattice of Ge(100) leaves two dangling bonds per surface atom,
which leads to the formation of rows o f buckled and asymmetric dimers in order to
minimize the surface free energy.1,2 The adjacent dimers are arranged either in opposite
buckling orientation or parallel orientation. I f we regard the buckling orientation as the
spin o f an electron, these two arrangements correspond to the anti-ferromagnetic and
paramagnetic order.3 At low temperature, i.e., below 220 K, Ge(100) exhibits c(4x2)
reconstruction similar to anti-ferromagnetic order. At ~ 220 K, the “antiferromagnetic
like” Ge(100)-c(4x2) is observed to reversibly transform into a “paramagnetic-like” order
resulting in a (2x1) reconstruction state at the surface.3 Two (2x1) domains rotated by 90
degrees, are generally observed.4 Apparently, multiple domains are formed on a single
step and the domain density is higher than the step density. The c(4x2) o (2x1) phase
transition is categorized as a two-dimensional (2D) Ising phase transition.5
Surface X-ray diffraction measurements show that the reconstructed Ge(100)(2x1) surface undergoes a further reversible (2x1) o ( lx l) phase transition at Tc = 955 K
with characteristics o f an order-disorder type transition.6 There are two conflicting
models proposed on the nature of this surface phase transition. The first model, proposed
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by Johnson et aL, has suggested that this phase transition is accompanied by adatomvacancy pair creation and dim er breakup on the Ge(100) surface.6 The view that adatomvacancy pairs are created during the phase transition is supported by the change in the
integrated intensity o f the fractional order beam in X-ray diffraction during the phase
transition, while the FWHM o f the fractional order beam rem ain s the same up to Tc o f the
phase transition. At temperatures above 980 K the specular intensity o f X-ray diffraction
saturates to the background level. The diffraction features are reversible if the maximum
temperature is kept below 1020 K. If the surface is taken above this temperature,
significant increase in roughness is observed as indicated by the irreversible and rapid
drop in the reflected intensity with temperature. The roughening behavior of Ge(100) is
different from the observed roughening o f some single-crystal metal surfaces where the
full-width at half-maximum (FWHM) o f the fractional order changes continuously across
the roughening transition.7 Thus, the X-ray study excludes domain size reduction caused
by the adatom-vacancy creation. From surface X-ray diffraction it was concluded that the
Ge(100)-(2xl) - ( lx l) phase transition involves an assisted break-up o f dimers with some
vertical atomic movement.6 Since the low-temperature stability o f the Ge(100)-(2xl)
surface is due to the partial satisfying o f dangling bonds by the reconstruction in dimers,
the disappearance o f the reconstruction is accompanied by surface roughening. As the
surface becomes increasingly more disordered, the average number o f dimers destroyed
per newly formed adatom-vacancy pair fells. The defects form nuclei for further
disordering, since locally the energy penalty for disordering is lowered. Thus the
transition accelerates with temperature and the fractional order intensity o f X-ray
diffraction drops precipitously. The surface becomes further roughened above 980 K
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where the roughening involves the step creation and movement.
The second model describing the nature o f the phase transition as domain wall
movement with the number o f dimers conserved during the Ge(100)-(2xl) —(lx l) phase
transition. The adatom-vacancy proliferation during the phase transition was first
questioned in a He atom scattering (HAS) study, and domain wall proliferation was
proposed to explain the experimental observations.8 Moreover, the dimer breakup model
was rejected from an extended spectroscopic study o f the Ge 3d surface core level shift.
These studies concluded that the total number o f dimers through both the c(4x2) —(2x1)
and (2x1) — ( lx l) surface phase transitions are conserved.9' 11 Therefore, these
experiments suggest the (2x1) domain wall proliferation instead o f dimer breakup dining
the high temperature phase transition with an order-disorder character; the (2x1) longrange order is gradually lost as the domain walls start to proliferate. An increase in the
step density is also observed from the broadening o f the HAS specular (00) beam. The
step creation was shown to be only partially involved in the disordering o f the (2x1)
phase.8 Above the (2x1) — (lx l) phase transition temperature, another phase transition
was reported from a valence band photoemission study, where a discontinuity in the
emission intensity at Fermi level was observed.11
When the RHEED pattern is obtained in the out-of-phase condition for a surface
with monoatomic random steps, the shape o f the specular beam reflects the surface step
distribution. For the studied Ge(100) crystal, the (2x1) domain wall density is much
larger than the density o f randomly distributed monoatomic steps. The loss o f long-range
order resuits in an increase in background and a reduction o f the RHEED specular beam
intensity. We have investigated the structural behavior o f Ge(100) with temperature from
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750 K to 1150 K. The ratio R = I(back)/[I(peak)-I(back)] o f the RHEED background
intensity to the peak intensity o f the specular beam obtained at the out-of-phase condition
shows clear thermal proliferation o f surface vacancies above 950 K. The full-width at
half-maximum (FWHM) o f the RHEED specular beam at out-of-phase condition
provides a measure o f the average step density along the incident electron beam direction.
We have reported the observation o f significant reduction in average terrace width during
the Ge(100)-(2xl) —(lx l) phase transition.12
In our experimental condition the RHEED specular peak is in out-of-phase
condition for monoatomic steps; therefore, it reflects the surface step distribution. The
(2x1) domain wall density is much larger than the density o f randomly distributed
monoatomic steps. The lost o f long-range order results in the background increase in the
RHEED specular beam as I will report in Chapter 6.12 In this chapter, I report using timeresolved reflection high-energy electron diffraction to investigate the evolution o f the
phase transition in time domain. Slow heating shows that the Ge(100)-(2xl)
reconstruction is observed to lose its long range order between 900 K and 1000 K. For
heating with 100-ps laser pulses, time-resolved electron diffraction shows that the
Ge(100)-(2xl) disorders at 1027±44 K, well above the onset temperature o f 900 K for
the disorder o f Ge(100)-(2xl) observed for slow heating. Our results are consistent with
the domain wall proliferation during the Ge(100)-(2xl) — ( lx l) phase transition.8 In a
previous probe-pump experiment using optical second harmonic generation as a surface
sensitive structural probe, overheating o f S i(lll)-(7 x 7 ) reconstruction by 50 K was
observed by Hofer et al during the Si(l 1l)-(7x7) —( lx l) phase transition induced by 10ns laser heating.13
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4.2 G e(100)-(2xl) —(lx l) phase transition

To characterize the structural behavior o f the Ge(100) surface with temperature,
measurements o f the RHEED streak intensity were performed as a function o f the surface
temperature. An UV lamp was used to excite the cathode o f the photoactivated electron
gun to produce a continuous electron beam. The electron beam was incident along the
[Oil] azimuth at a angle o f ~ 2 degree from the surface, resulting in a probed depth o f ~3
A, corresponding to ~ 1 bilayers o f Ge(100). Fig. 4.1 illustrates the RHEED patterns o f
the Ge(100) surface at different temperatures, where the RHEED patterns were taken at
the same incident angle with the photoactivated electron gun operated at continuous
mode. We note that the intensity o f the half order streaks decrease at elevated
temperatures. The half order streaks fade into the background at 978 K. Fig. 4.2 shows
the RHEED patterns taken at room temperature and 1000 K using a regular thermal
emission electron gun, in which the electron energy is set to 7 KeV. The half order
streaks fade into the background at 1000 K. In the following experiments reported here,
the RHEED intensity measurements were performed using photoactivated electron gun
operated at continuous mode. The ( 0 - j ) , (00), and (01) streaks were examined at the
same time.
RHEED streak intensities normalized to that at 661 K versus surface temperature
are shown in Fig. 4.3. The inset illustrates the (00) and (01) streak intensity versus
temperature. The solid line in the inset is a polynomial fit, which serves as calibration to
obtain the transient surface temperature during laser pulse heating. The exponential
Debye-Waller behavior o f the (0 y ) streak is observed below ~ 900 K, while the Debye-
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Fig. 4.1 RHEED patterns o f the Ge(100) surface at different temperatures, which were
taken using photoactivated electron gun operated at continuous mode. (a). Room
temperature; (b). 773 K; (c). 893 K; (d). 978 K.
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Fig. 4.2 RHEED patterns o f the Ge(lOO) surface at different temperatures, which were
taken using a regular thermal emission electron gun. The electron energy is 7 keV. The
electron beam is incident along the [001] azimuth, (a). Room temperature; (b). 1000 K;
(c). Domains and the domain boundaries (thick solid line); (d). Reciprocal lattice for two
domains along two equivalent directions.
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Waller behavior o f the (01) streak is observed to extend to ~ 950 K. AJ. higher
temperatures, deviation from the exponential behavior occurs for the (0^-) order
indicating the onset o f the (2x1) —(lx l) phase transition. The RHEED intensity o f the
(00) and (01) streaks show deviation from exponential Debye-Waller extinctiam above
about 950-1000 K due to the increase o f vacancy and step density partially associated
o

with the phase transition. We have reported the observation o f thermal roughening and
vacancy proliferation on the Ge(100) above 950 K .12 The RHEED intensity o f the (00)
and (01) diffraction orders versus temperature, or equivalently the surfaces Debye
temperature, is used to extract the transient temperature on the surface during laser pulse
heating. Fig. 4.3 was obtained at an in-phase condition for which the angle o f electron
incidence is set such as electrons scattered from different surface layers interfere
constructively.
The MD simulation o f Takeuchi et al. showed that the mean square displacements
are larger for outer atoms in the first bilayer and decrease for the deeper atoms.14
Therefore, the surface Debye temperature obtained from the (00) and (01) sttreaks is
smaller than that for the bulk. The Debye-Waller extinction, exp(-MT), o f the iRHEED
intensity with temperature indicates the applicability o f the quasiharmonic approximation
to Ge(100) in the temperature range investigated, where M is the Debye-Wallexr factor.
Therefore, the effective surface Debye temperature is given by Go surfece = [3 h 2 T/mks
(x2)]1*, where h is the Planck’s constant, ks is the Boltzmann’s constant, m is th e atomic
mass, and (x2) is the projection o f the mean square vibrational amplitude o f surface atoms
along the electron momentum transfer Ak.15 (x2) is proportional to T and is givem by (x2)
= (M/Ak2)T. The effective surface Debye temperature 0d surface o f
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Fig. 4.3 Normalized RHEED intensities, I(T)/I(661 K), o f the (0-J-), (00), and (01)
diffraction streaks versus temperature are plotted on a semilogarithmic scale. The (00)
streak ( • ) and (01) streak (□ ) show Debye-Waller behavior below 950 K with an
effective surface Debye temperature o f 77±6 K and 70±3 K resulted from (00) and (01)
streaks respectively. The (O-^-) streak (A) shows the occurrence o f the Ge(100)-(2xl) —
( lx l) phase transition. The inset is the temperature dependence o f the RHEED intensity
for the (00) and the (01) streaks. The polynomial fit serves as a temperature calibration
for the transient laser pulse heating.
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Ge(lOO) is then determined to be 77±6 K from the (00) streak and 70±3 K from the (01)
streak compared to 370 K for bulk Ge. The error bar is estimated from the standard
deviation o f the fit error in Fig. 4.3. The reduction o f the surface Debye temperature from
its bulk value is a well-established phenomenon.16 The Debye temperatures derived from
the (00) and (01) streaks are associated mainly with the mean-square vibrational
amplitude component in the direction perpendicular to the surface, since the momentum
transfer has an out-of-plane component much larger than that in the in-plane for the
RHEED geometry. This is in agreement with results obtained from the photoelectron
diffraction and LEED.17,18

4.3 Transient heating of Ge(100) by 100-ps laser puke

In order to determine the laser induced transient temperature rise on the Ge(100)
surface below the (2x1) —(lx l) phase transition temperature, RHEED intensities o f the
(00) and (01) streaks normalized to those at the base temperature o f 893 K were obtained
near to for different heating laser peak fluences, where to is the time at which the RHEED
intensity is minimum during transient heating. This occurs when the probe electron pulse
and the heating laser pulse arrive on surface at about the same time with the electron
probe pulse slightly delayed from the peak o f the laser heating pulse. The results are
shown in Fig. 4.4(a). The transient surface temperature is obtained from the RHEED
intensity reduction using the polynomial fit o f the temperature dependence o f the RHEED
intensity in the inset o f Fig. 4.3. Fig. 4.4(b) shows the obtained maximum transient
temperature at to on the Ge(100) surface for different heating laser peak fluences. We
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Fig. 4.4 (a) RHEED intensity o f the (00) streak ( • ) and (01) streak (□ ) during laser pulse
heating normalized to that at base temperature o f 893 K measured at to- (b) The transient
temperature o f the Ge(100) surface obtained from (a) using the polynomial fit in the inset
o f Fig. 4.3. The solid line is the linear fit o f the data obtained for the (00) streak ( • ) and
the (01) streak (□).
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note that the surface temperature rise, AT, due to laser transient heating o f germanium is
larger at the higher base temperatures (or higher heating laser peak fluences) than that at
the lower base temperatures (or lower heating laser peak fluences), which mainly results
from the temperature dependence o f the optical absorption.19’20 However, the temperature
range considered here is small enough to allow us to consider AT proportional to laser
fluence. Thus, the maximum transient temperature rise on the Ge(100) surface can be
considered directly proportional to the peak fluence o f the heating laser pulse, within the
experimental error, as shown in the linear fit in Fig. 4.4(b). This relation is used to
determine the maximum surface temperature rise for a given laser peak fluence. The
maxim um surface temperature rise is proportional to the laser peak fluence when the

following two conditions are satisfied: first, the latent heat o f the reconstruction phase
transition is negligible compared to the deposited laser pulse energy as is the case o f
surface phase transitions in general; second, the material parameters affecting lasersurface energy coupling and the subsequent heat diffusion are independent o f
temperature. For g ermanium, the material parameters except the absorption coefficient
have minor impact on the surface temperature rise.19 Since the absorption coefficient o f
germanium increases with temperature, the surface temperature rise AT is not linear with

the heating laser peak fluence for large temperature excursions, and is higher than that
expected from the linear dependence, which gives the low limit o f the surface
temperature rise. The surface temperature rise extracted from the time-resolved RHEED
intensity is also lower than the actual value near the delay time to when the maximum
reduction o f RHEED intensity occurs. This is due to the convolution effect, which is
caused by the fact that the probe electron pulse width is about equal to the heating laser
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pulse width. Ideally, the electron probe pulse width should be much smaller than the rise
and decay times o f the surface temperature in order to accurately sample the temporal
evolution o f the surface temperature. Therefore, the maximum transient temperature rise
on the Ge(100) surface obtained from the linear dependence on laser peak fluence is the
lower limit o f the actual maximum transient surface temperature rise.

4.4 Overheating of Ge(100)-(2xl) reconstruction by 100-ps laser heating

We next raised the sample temperature close to the onset temperature o f the (2x1)
—( lx l) phase transition and used a fixed laser peak fluence to further heat the surface in a
transient manner. The time-resolved RHEED intensity o f the (0-^-) streak was monitored
by fixing the delay time at to, Le., the time at which the RHEED intensity is minimum
which is temporally close to the time o f maximum surface temperature rise. RHEED
streak intensity o f the (0^-) streak normalized to that at a base temperature o f 893 K was
obtained for various peak heating laser fluences. The results are shown in Fig. 4.5. The
exponential Debye-Waller behavior with temperature is observed for the lower laser peak
fluences and gives a corresponding surface Debye temperature 0 S o f 59±8 K, where the
transient surface temperature rise is obtained using Fig. 4.4(b). The error bar is estimated
from the standard deviation o f the linear fit error in Fig. 4.5, and the uncertainty o f the
transient temperature rise for heating laser peak fluence obtained in Fig. 4.4(b). The
obtained Debye temperature from transient heating is lower than ©s o f 77±6 K and 70±3
K obtained for the (00) streak and the (01) streak respectively in the slow heating case o f
Fig. 4.3. This is due to the fact that the surface temperature rise, AT, obtained in the time-
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Fig. 4.5 Time-resolved RHEED intensities o f the (0^-) streak normalized to those at base
temperature o f 893 K versus laser peak fluences are plotted on a semilogarithmic scale.
Deviations from Debye-Waller behavior occur at the laser peak fluence o f ~ 1.6xl08
W/cm2, which corresponds to a transient surface temperature o f 1027±44 K obtained
from the linear fit in Fig. 4.4(b).
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resolved measurements, tends to be lower than the actual value, in addition to other
experimental errors associated with the measurement. In Fig. 4.5, deviation from the
Debye-Waller exponential behavior occurs at a peak laser fluence o f —1.6 x 108 W/cm2,
indicating the onset o f the (2x1) — ( lx l) phase transition. The transient surface
temperature at the onset o f the phase transition is determined to be 1027±44 K using the
correlation o f the laser peak fluence and the m axim um transient surface temperature rise
from Fig. 4.4(b). The error bar is estimated from a sum o f the scattered RHEED intensity
uncertainty shown in Fig. 4.4(a) and the non-uniformity o f the laser beam profile across
the sample. Therefore, we conclude that for 100-ps laser pulse heating the Ge(100)-(2xl)
reconstruction is overheated by at least 127±44 K above the onset temperature for the
disorder o f Ge(100)-(2xl) reconstruction under thermodynamic equilibrium achieved
under slow heating. The overheating o f Ge(100)-(2xl) by 100-ps laser pulse is in
agreement with the Ge(100)-(2xl) domain wall proliferation, which is an order-disorder
type phase transition with latent heat. The domain wall proliferation and movement takes
relative long time. For example, with a diffusion coefficient on the order o f — 5x1 O'5
cm2/s on germanium surface,21 the time needed for an atom to diffuse across a step in size
o f 100 A is about 20 nanoseconds. Considering multiple Ge(100)-(2xl) d o m ains formed
on a single step, the time for the Ge(100)-(2xl) to lose its long-range order is till in a few
hundred picoseconds. Therefore, when heated by 100-ps laser pulses the Ge(100)-(2xl)
could sustain above the transition temperature for slow heating under thermodynamic
equilibrium.
Further experiments were performed to examine the temporal behavior o f the
(2x1) — ( lx l) phase transition. In these experiments, the normalized RHEED streak
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intensities o f the(0-j) streak were obtained at various delay times between the arrival o f
the heating laser pulse and the electron probe pulse at the surface o f the sample. Results
for different heating laser peak fluences are shown in Fig. 4.6. The sample base
temperature was kept at 893 K. For these measurements, the transient surface
temperatures were related to the corresponding laser peak fluences using the polynomial
fit in Fig. 4.3 for the (00) and (01) streaks. The results are shown in Fig. 4.7 for each
measurement o f the (00) and (01) streaks that corresponds to the (0-j) streak intensity
given in Fig. 4.6. In Fig. 4.6(a), the sample was heated to a maximum surface
temperature o f i012±17 K, when subjected to a laser peak fluence o f (1.08±0.16)xl08
W/cm2 across the probed sample area. In this case, the Ge(100)-(2xl) reconstruction is
observed to remain ordered and the experimental data fit the classical heat diffusion
process: a rapid decrease in the normalized streak intensity followed by an increase as the
heat is conducted to the bulk. In Fig. 4.6(b) the laser peak fluence used, which is
(1.44±0.22)xl08 W/cm2, is just enough to partially heat surface above the onset
temperature for o f the Ge(100)-(2xl) to ( lx l) phase transition by laser pulse heating. Due
to the non-uniformity o f the laser beam profile, the Ge(100)-(2xl) reconstruction is
thought to disappear over some o f the probed area and reappears during cooling.
In Figs. 4.6(c) and (d), sufficient laser peak fluences o f (1.8±0.27)xl08 and
(2.16±0.38)xl08 W/cm2 were provided to heat the sample to maximum surface
temperature o f 1080±28 K and 1100±31 K. For these two sets, the time-resolved
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Fig. 4.6 Time-resolved normalized (0-^-) RHEED streak intensity versus delay time
between the electron probing pulse and the laser heating pulse with the Ge(100) surface
subjected to different laser peak fluences (Ip). The Ge(100) surface is maintained at the
base temperatures o f 893 K. (a). Ip = 1.08±0.16xl08 W/cm2; (b). Ip = 1.44±0.22xl08
W/cm2; (c). Ip = 1.8±0.27xl08 W/cm2; (d). Ip = 2.16±0.32xl08W/cm2.
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Fig. 4.7 Transient surface tem perature rise for Ge(100) during laser pulse heating with
different laser peak fluences. The surface is maintained at a base temperature o f 893 K.
(a). Ip = 1.08±0.16xl08 W/cm2; (b). Ip = 1.44±0.22xl08 W/cm2; (c). Ip = 1.8±0.27xl08
W/cm2; (d). Ip = 2.16±0.32xl08 W/cm2. The transient surface temperature rise is obtained
from Fig. 4.6(a), (b), (c), and (d) using the polynomial fit obtained in the inset o f Fig. 4.3.
• : (00) streak and □: (01) streak, where the electron beam is incident along [011] at an
angle o f 2°.
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(O-j) RHEED streak intensity exhibits an initial fast decrease down to the background
level within ~ 200 ps, followed by several nanoseconds remaining in the low residual
RHEED intensity for the half order streak indicating the domain wall proliferation on the
Ge(100) surface. After that, the RHEED intensity increases slowly, indicating the
regrowth o f the (2x1) reconstruction during cooling by heat diffusion to the bulk. In
another set o f experiments, the laser peak fluence was fixed at (1.8±0.27)xl08 W/cm2
while the base temperature was kept at different temperatures close to 900 K. The results
are shown in Fig. 4.8(a)-(d). For these measurements, the transient surface temperatures
were related to the corresponding laser peak fluences using the polynomial fit in the inset
o f Fig. 4.3 for the (00) and (01) streaks. The results are shown in Fig. 4.9 for each
measurement o f the (0-^-) streak intensity in Fig. 4.8. In Fig. 4.8(a), the resulting
maximum transient temperatures are 900±25 K, which are below the onset temperature o f
the (2x1) —(lx l) phase transition for fast laser heating. For this measurement, the surface
was observed to remain ordered. In Fig. 4.8(b) the maximum transient surface
temperature is 1025±29 K which is very close to the onset temperature for the Ge(100)(2x1) - ( lx l) phase transition induced by fast laser heating. The Ge(100)-(2xl)
reconstruction is observed to partially disorder and regrows during cooling. In Fig. 4.8(c)
and (d), the maximum transient temperature are 1070±30 and 1085±29 K which are
above the Ge(100)-(2xl) —(lx l) phase transition temperature for fast laser heating. The
normalized RHEED intensity o f (O -j), for Fig. 4.8(c) and Fig. 4.8(d), was observed to
remain at the background level for a few nanoseconds, increasing with the laser fluence,
followed by a slow recovery indicating regrowth o f the Ge(100)-(2xl) reconstruction due

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

72

1.0

1.0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

CO V

c.
0

CO

.£ 05
oo
Q tS
LU ^
LLJ CO
X £

0.0

7

0.0

x o

1.0

1.0

H) "O
> 0

0.8

0.8

Jn 01

0.6

0.6

?
i
0 O

0.4

0.4

£ c

0.2
0.0

1

2

3

4

5

7

0.2

:
0

1

2

3

4

5

6

7

Delay line (ns)

0.0

..lllllllllllllllll.llllHlll.1.!
0 1 2 3 4 5 6 7

Delay line (ns)

Fig. 4.8 Time-resolved normalized RHEED intensity versus delay time between the
electron probing pulse and the laser heating pulse with the Ge(100) surface subjected to
the same laser peak fluence (Ip) o f 1.8±0.27xl08 W/cm2 with different base temperatures,
(a). 735 K; (b). 833 K; (c). 873 K; (d). 893 K.
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Fig. 4.9 Transient surface temperature rise for Ge(100) during laser pulse heaating with
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along [011] at an angle o f 2°.
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to heat conduction to the bulk. In all o f the experiments reported here, no permanent
surface damage was observed on the sample, and the surface recovers to its initial
condition before the following laser pulse. In summary, the static RHEED results show
that the Ge(100)-(2xl) reconstruction is observed to lose its long range order between
900 K and 1000 K. For heating with 100-ps laser pulses, time-resolved electron
diffraction shows that the Ge(100)-(2xl) reconstructed surface starts to disorder at
1027±44 K, 127±44 K above the onset temperature o f 900 K for the disordering o f the
Ge(100)-(2xl) observed for slow heating.

4.5 Conclusion

In summary, we have investigated the dynamic behavior o f the Ge(100)-(2xl) —
( l x l ) phase transition. For slow heating, our static RHEED results show that the
Ge(100)-(2xl) reconstruction is observed to lose its long-range order between 900 K and
1000 K. This is consistent with previous surface X-ray and HAS observations.6,8
However, by 100-ps laser pulse heating, our time-resolved RHEED measurements show
that the disorder starts at 1027±44 K, 127±44 K above the onset temperature for the
disordering under thermodynamic equilibrium. The overheating o f Ge(100)-(2xl) heated
by ultrafast laser pulse is consistent with the domain wall proliferation during the
Ge(100)-(2xl) — ( l x l ) phase transition. This phase transition is partially accompanied
with increased thermal roughening and increased surface vacancy-adatom density.
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CHAPTER 5
TIME-RESOLVED STRUCTURE STUDY OF THE G e ( l ll ) INCOMPLETE
MELTING PHASE TRANSITION

5.1 Introduction

The temperature dependence o f the G e ( l l l ) surface properties near the bulk
melting point Tm has been the subject o f several studies. An anomalous reduction o f the
sticking coefficient o f O2 on G e ( l l l ) surface was first observed by Lever at a
temperature about 150 K below Tm. 1'2 This phenomenon was not observed on Ge(110)
and Ge(100) surfaces.3 It was suggested by Lever that this drop in the sticking coefficient
is caused by a surface structural phase transition. In a low-energy electron diffraction
(LEED) study, McRae and Malic reported that the intensities o f the surface diffraction
peaks decreased rapidly near 1050 K, saturating at a low but nonzero value.4,5 They
suggested that the outermost few atomic double layers lose lateral crystalline order in a
continuous phase transition with a critical temperature Tc o f about 1058 K. An ionshadowing and blocking study using medium-energy ion scattering (MEIS), which is
sensitive to short-range order, concluded that 1-1.5 bilayers are positional disordered at
1050 K.6 The thickness of the disordered bilayers remains constant up to 25 K below Tm.
The surface disorder transition observed on G e ( l l l ) was concluded to be a type o f
“incomplete melting” in which only the topmost bilayer on the G e ( l l l ) surface melts
during the order-disorder phase transition and the thickness o f this liquid bilayer remains
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constant up to Tm. Further experiments on the G e(l 11) surface using electron energy loss
spectroscopy (EELS),7 Ge 3p X-ray photoelectron diffraction, and photoelectron
holography,8-9 support this incomplete melting modeL On the other hand, a synchrotron
x-ray diffraction study observed a lack o f surface roughening or surface melting and
suggested a proliferation o f surface vacancies in the first bilayer with a vacancy
concentration as high as 50%.10 Using high-resolution helium scattering, Meli et al.
suggested that the phase transition at about 1050 K is an order-order type with the bilayer
spacing reduced by about 10% above Tc.n
Theoretical studies o f the Ge(l 11) high temperature phase transition concentrated
on the first principle molecular dynamic (MD) simulation.12 In an MD simulation study o f
the G e ( l l l ) surface within 2% o f Tm, McRae et aL suggested that the long-range
disordering occurs only laterally on the outermost bilayer while the layer-like ordering is
maintained up to the outermost bilayer.13 Recently, the MD simulation o f Takeuchi et al.
supported the incomplete melting model near Tm.14 In their model, the disordering was
found to be confined to the first atomic bilayer, and this disordered bilayer has a liquid
like diffusion and metallic characteristics as for liquid germanium. Two physical reasons
are postulated for the incomplete melting o f a semiconductor surface such as G e ( l l l ) .
Chernov and Mikheev developed a modified Landau theory that takes in consideration
the layering effect o f a liquid layer in contact with the solid substrate.15-16 When this
model was applied to the G e ( l l l ) surface where the layering effect is prominent due to
the stacking normal to the [111] direction, the surface is found to be stable with only the
topmost layer melting at Tc.6 An energy barrier was shown to exist in this phase transition
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that prevents the divergence o f the liquid layer thickness. Another reason for incomplete
melting o f Ge(l 11) is based on surface metallization, which arises from the attraction
between the semi-infinite semiconductor and a thin metallic film representing the top
disordered layer. This attraction can stabilize the liquid film thickness, limiting its
thickness for Ge(l 11) to one bilayer up to Tra.14
Experimental results from LEED, X-ray data, photoelectron diffraction, and
helium scattering were explained based on incomplete melting and metallization on the
G e ( l l l ) surface near to Tm.14 This incomplete melting behavior o f G e (lll), where a
disordered film is formed at a critical temperature Tc o f about 1050 K. and the thickness
o f the film remains constant with increasing temperature, is different from the surface
melting transition observed on open foe metals such as Pb(110) and Al(110), where the
thickness o f the disordered film diverges as the melting point is approached.17'20
Incomplete melting o f a semiconductor surface is also postulated to be different from
incomplete melting or nonmelting o f metal surfaces attributed to strong layering
forces.15*16,21
In a time-resolved study o f Ge(l 11), Becker et al. observed the rapid formation o f
a liquid layer and subsequent recrystallization by laser pulse annealing using time-resolved
LEED with 10-ns time resolution.22 Limited by the time resolution o f their technique, the
difference between the melting o f the G e(l 11) and the Ge(l 1 l ) - l x l phase transition near
Tmwas not identified. In this chapter, I present an experimental study o f the Ge(l 11) high
temperature structural behavior using time-resolved reflection high-energy electron
diffraction (RHEED) with 100-ps time resolution. Time-resolved RHEED was previously
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used to probe the surface melting and superheating o f lead and bismuth.23*27 In Chapter 3,
I reported the time-resolved RHEED study on the dynamics o f the Ge(l 1 l)-c(2x8) <=>
( l x l) phase transition and found that the G e(l 11)-c(2x8) reconstructed adatom layer is
overheated to 584 K by 100-ps laser pulse heating whereas it starts to disorder at 510 K
by slow heating.28 The motivation o f the this study is to determine the temporal dynamics
o f the G e ( l l l ) - l x l incomplete melting phase transition. A 100-ps laser pulse is used to
initiate the phase transition by rapidly heating the surface, while the electron pulse probes
the surface structure.

5.2 Temperature dependence of RHEED intensity o f G e ( lll) at high temperatures

The time-resolved RHEED system can also be operated at a continuous mode in
which an UV lamp is used to excite the cathode o f the photoactivated electron gun,
producing a steady continuous electron beam. This mode o f operation is used to
characterize the temperature dependence o f the surface structure. This temperature
dependence o f RHEED intensity serves as a calibration for converting the time-resolved
diffraction intensity to a transient surface temperature rise. In this structural
characterization, the RHEED conditions, i.e., the electron energy and the incident angle
remain the same during calibration o f the temperature dependence o f the RHEED
intensity and the later time-resolved experiments. This is important to make the transient
temperature conversion from the time-resolved RHEED intensity direct and accurate
since the temperature dependence RHEED intensity depends on the electron energy and
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the incident angle o f the electron beam. Fig. 5.1 shows the RHEED patterns at high

(c)

(d)

Fig. 5.1 RHEED patterns o f G e ( l l l ) taken at different temperatures with the
photoactivated electron gun operated at continuous mode. Electron beam is along [1 10].
(a). 434 K; (b). 668 K; (c). 788 K; (d). 969 K.
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temperatures, which were taken by photoactivated electron gun operated at continuous
mode, where the electron energy is 21 keV. The Ge(l ll)-c(2x8) reconstruction is shown
in Fig. 5.1(a) at 434 K.
To characterize the temperature dependence o f the G e ( l l l ) surface structure,
measurements o f the (01) RHEED streak intensity versus temperature were performed.
The electron beam was incident along the [I 10] azimuth at an angle o f ~ 2.7 degree from
the surface, resulting in a probed depth o f ~ 4.2 A, corresponding to ~ 1.3 bilayers o f
Ge(l 11). Results o f this measurement are shown in Fig. 5.2, where the inset details the
high temperature part. As we reported in Chapter 3, the RHEED intensity is observed to
decay exponentially at temperatures below 700 K due to the Debye-Waller effect.28 This
observation is consistent with a previous LEED study.29 At high temperatures, the
intensity decay becomes slow which shows larger Debye-Waller factor than that at
temperatures below 700 K. The RHEED intensity decay does not fit to a single DebyeWaller factor in the temperature range from 700 K to 1020 K. The solid line in the inset
o f Fig. 5.2 is a polynomial fit to the experimental data and serves as a calibration to
extract the transient temperature rise on the surface during the laser pulse heating.
However, the RHEED intensity drops abruptly in the temperature range from ~ 1020 K
to —1070 K. The residual RHEED intensity remains almost constant above 1070 K. This
abrupt decay in the RHEED intensity corresponds to the incomplete melting occurring at
high temperature as observed first by LEED.4,5 Our results are in agreement with those
obtained from LEED.
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Fig. 5.2 RHEED streak intensity normalized to that at 304 K versus temperature. The
inset details the high temperature part. The solid line is a polynomial fit to the data above
700 K and is used to convert the normalized streak intensity o f the time-resolved
experiments to a surface temperature rise.
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5 3 Transient heating o f the G e ( lll) surface by 100-ps laser pulse

The time-resolved measurements were next performed to determine the laser
induced temperature rise on the G e ( l l l ) surface below the high temperature phase
transition. To illustrate the data acquisition process, RHEED patterns were taken at
different delay time between the probing electron pulse and the heating laser pulse as
shown in Fig. 5.3. In Fig. 5.3(a), the electron pulse arrives on the G e(l 11) surface before
the heating laser pulse by 430 ps, where the RHEED pattern with laser heating rem ains
the same as that without laser heating. Fig. 5.3(b) shows the maximum intensity reduction
in the RHEED pattern with laser heating when the electron pulse and heating laser pulse
arrives at the G e ( l l l ) surface in the same time, i.e., to. Fig. 5.3(c) and (d) illustrate the
recovery o f the RHEED intensity with laser heating when the electron pulse probes
sometime later than to as the surface temperature decreases because o f the heat
conduction to the body o f G e(i 11). The time-resolved RHEED intensities normalized to
that at the base temperature o f 830 K were obtained for different delay times between the
laser heating pulse and the electron probe pulse. Results are shown in the inset o f Fig.
5.4. The transient temperature rise can be extracted using the calibration o f the
temperature dependence o f the RHEED intensity shown in the inset o f Fig. 5.2. The
resulting transient temperature evolution on the G e ( l l l ) surface is given in Fig. 5.4
where the solid line represents the best fit for the temperature rise and decay.
We note that the effect o f laser transient heating on the diffraction pattern is more
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(a)

Without laser heating

With laser heating

(b)

Without laser heating

With laser heating

Fig. 5.3 RHEED patterns o f the G e ( l l l ) surface with and without laser heating at
different delay times between the electron pulse and heating laser pulse. The sample was
kept at 300 K. The heating laser peak fluence is (1.61±0.19)xl08 W/cm2. (a). Delay time
= to - 430 ns; (b). delay time = to.
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(c)

Without laser heating

W ith laser heating

(d)

Without laser heating

W/ith laser heating

Fig. 5.3(continued) RHEED patterns of the G e ( l l l ) surface with and without laser
heating at different delay times between the electron pulse a n d heating laser pulse. The
sample was kept at 300 K. The heating laser peak fluence is C1.61±0.19)xl08 W/cm2. (c).
Delay time = to +1570 ps; (d). delay time = to+4500 ps.
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prominent at the base temperature o f 830 K than that at the base temperature o f 442 K,
which we reported previously using similar laser fluences.28 This is because the material
parameters, Le., heat capacity, thermal conductivity, and absorption coefficient, change
with temperature. The germanium absorption coefficient increases with temperature due
to the free carrier absorption, since the free-carrier density increases with the
temperature. Since the high temperature absorption coefficient o f the G e ( l l l ) crystal is
not available to us, we are unable to use a heat diffusion model to compare with the
results o f Fig. 5.4. Instead we have used Fig. 5.2 to relate the RHEED streak intensity to
surface temperature. Thus, the maximum transient temperature rise on the G e ( l l l )
surface is related to the peak fluence o f the heating laser pulse, as shown in Fig. 5.4,
which is used to determine the maximum surface temperature rise for a given peak
fluence. The transient surface temperature rise is assumed to be proportional to the peak
fluence o f the heating laser pulse when the latent heat o f the phase transition is negligible
compared to the laser pulse energy as is the case in the surface phase transition.

5.4 Overheating o f the topmost layer during incomplete melting induced by ultrafast laser pulse heating

In order to investigate the high temperature phase transition induced by 100-ps
laser pulse heating, time-resolved RHEED measurements were performed with the optical
delay line set at the point o f maximum reduction in the RHEED intensity. This time
corresponds to the time at which the laser heating pulse and the electron probe pulse
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Fig. 5.4 Transient temperature rise on the Ge(l 11) surface during laser pulse heating with
a laser peak fluence o f 1.61±0.19xl08 W/cm2. The surface is maintained at a base
temperature of 830 K. The transient temperature rise is obtained using the polynomial fit
obtained in Fig. 5.2.
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overlap at the crystal surface. The RHEED streak intensity, normalized to that at a given
base temperature, is obtained for various laser peak fluences. The sample base
temperature was kept close to but below the high temperature phase transition, Tc = 1050
K. Results are shown in Fig. 5.5 for two pump-probe scans with base temperatures o f
1005 K and 917 K.
It is shown in Fig. 5.5 that for the base temperature of 1005 K the high
temperature phase transition occurs for laser peak fluences ranging from 0.60±0.07xl08
W/cm2 to 1.00±0.12xl08 W/cm2 corresponding to a maximum surface temperature from
1078±9 K to 1127±15 K. The indicated errors are due to the non-uniformity o f the laser
beam across the probed sample area. Above 1.00±0.12xl08 W/cm2, an almost flat step is
observed with the RHEED intensity independence o f the laser peak fluence. This is in
consistent with the expected behavior o f an incomplete melting phase transition. The
melting is localized in the topmost bilayer and does not spread to the second bilayer even
with the increase o f surface temperature.6"914 The flat step in Fig. 5.5 shows that only the
topmost bilayer o f the Ge(l 11) surface melts with the increase in the laser fluence. The
residual RHEED intensity in the step is the contribution from the second bilayer and part
of the third bilayer in the probed depth in our experiment, and remains almost constant
above the incomplete melting transition temperature.
For the base temperature o f 1005 K in Fig. 5.5 and at a sufficiently high laser peak
fluence o f 2.00±0.24xl08 W/cm2, the RHEED intensity starts to decrease indicating the
onset o f melting into the deeper layers. It is found that at this laser peak fluence the
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Fig. 5.5 Time-resolved RHEED intensities normalized to those at two different base
temperatures (O , 1005 K; ■ , 917 K) versus laser peak fluences. The RHEED intensities
are obtained at the time when the surface temperature is maximum The maximum
temperature rise on the G e ( l l l ) surface is 196±24 K for a laser peak fluence of
1.61±0.19xl08 W/cm2 .
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maximum transient temperature o f the surface is 1245±30 K which is above the bulk
melting temperature o f 1210 K for germanium. This conclusion is based on the
assumption that the maximum surface temperature rise is linear with the laser peak
fluence. Changes in the heat conduction or heat capacity with laser excitation could affect
this conclusion. I f for example, additional carrier excitation with higher laser fluence
causes an increase in the heat conductivity, the actual temperature jump could be less than
that estimated from the linear assumption. The feet that the sample was kept at a
temperature near Tmand that the temperature jump produced by the laser is only a small
fraction o f the base temperature o f the sample makes this possibility unlikely. However,
given the uncertainty in the surface temperature measurement due to non-uniformity o f
the laser profile on the surface, the possibility o f superheating the top atomic layers needs
further investigation. For a base temperature o f 917 K, the incomplete melting phase
transition is observed to occur at laser peak fluences ranging from 1.4±0.17x10s W/cm2
to 1.9±0.23x10* W/cm2. These fluences correspond to a maximum surface temperature
range o f 1087±21 K to 1148±28 K. The residual normalized RHEED intensity in the flat
step with the base temperature o f 917 K has a lower value than for that with the base
temperature at 1005 K due to the higher surface temperature rise. Therefore, from Fig.
5.5 we conclude that for 100-ps laser heating, the topmost bilayer is heated up to
1083±23 K without the phase transition occuring; whereas, under thermodynamic
equilibrium, the onset transition temperature is ~ 1050 K for the incomplete melting phase
transition. A modified Landau theory was developed by Chernov and Mikheev

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

92

considering the layering effect o f a liquid layer contact with the solid substrate.15*16 This
model was applied to the Ge(l 11) surface where the layering effect is prominent due to
the stacking normal to the [111] direction.6 An energy barrier is shown to exist in the
incomplete melting which could cause the overheating o f the topmost bilayer.
Further experiments were performed to examine the temporal behavior o f the
incomplete melting phase transition. In these experiments, normalized RHEED streak
intensities were obtained at various delay times between the laser heating pulse and the
electron probe pulse. Results for different laser peak fluences are shown in Fig. 5.6. The
solid lines in Fig. 5.6 are normalized RHEED intensities calculated from the expected
surface temperature rise, followed by converting the obtained temperature rise to
normalized RHEED intensity using the slope at high temperatures but below the
incomplete melting phase transition in Fig. 5.2. The expected surface temperature rise for
a laser fluence was based on results o f Fig. 5.4. Deviation o f the experimental data from
the solid line is attributed to the incomplete melting phase transition.
In Fig. 5.6(a), the sample was heated to a maximum surface temperature o f
1089±20 K, when subjected to a laser peak fluence o f l.41±0.17xl08 W/cm2 across the
probed sample area. For this case, the experimental data fits the solid line indicating
almost no incomplete melting at 1089+20 K during the 100-ps laser heating. In Figs.
5.6(b), (c), and (d), sufficient laser fluences were provided to heat the sample to
maximum surface temperatures o f 1124±25 K, 1139±16 K and 1188±22 K, respectively,
which are above the incomplete melting phase transition temperature o f 1083±23 K
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Fig. 5.6 Time-resolved normalized RHEED intensity versus delay time between the
electron probing pulse and the laser heating pulse with the Ge(l 11) surface subjected to
different laser peak fluences (Ip). The G e ( lll) surface is maintained at the base
temperatures o f 917 K and 1005 K. (a). Ip = 1.41+1.7x10® W/cm2, base temperature =
917 K; (b). Ip = 1.70±0.2lxl0® W/cm2, base temperature = 917 K; (c). Ip = l.l±0.13xl0®
W/cm2, base temperature=1005 K; (d). Ip = 1.50±0.18x10® W/cm2, base temperature =
1005 K.
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observed for 100-ps laser heating. For these sets, the time-resolved RHEED intensity
exhibits an initial fast decrease, within ~ 200 ps, followed by deviation o f the experimental
data from the solid line indicating the start o f the surface incomplete melting. In Fig
5.6(b), the maximum surface temperature o f 1124±25 K falls into the transition
temperature range o f the incomplete melting which spreads from 1083±23 K to 1138±32
K for 100-ps laser pulse heating. In this case the topmost layer exhibits partial melting
which recrystallizes during cooling by heat diffusion to the bulk. At ~ 2 ns, the surface
cools down to ~ 1000 K, which is below the incomplete melting transition temperature.
After this time, the experimental data starts to follow the solid line indicating the
complete recrystallization o f the topmost bilayer. In Fig 5.6(c), the maximum surface
temperature is 1139±16 K which is near the upper temperature o f the incomplete melting
phase transition. In Fig 5.6(d), the maximum surface temperature is 1188±22 K, which is
above the incomplete melting transition temperature. In both cases, the topmost bilayer
seems to exhibit incomplete melting followed by very slow increase in the RHEED
intensity indicating supercooling o f the molten topmost bilayer and a delayed
recrystallization. The normalized RHEED intensity is only extinguished at a value o f ~ 0.5
times that at the base temperature because the electrons probe about three bilayers in our
experiment. In all the experiments reported, no permanent surface damage was observed
on the sample, and the surface recovers to its initial condition before the following laser
pulse. All experiments were conducted at 50 Hz repetition rate.
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S.S Conclusion

In summary, we have investigated the dynamic behavior o f the high temperature
phase transition on the G e(l 11) surface. For slow heating, the RHEED results show that
the high temperature phase transition spreads from 1020 K to 1070 K. This is consistent
with previous LEED, MEIS, and photoelectron diffraction observations.4'6’8’9 However,
for 100-ps laser heating, our time-resolved RHEED measurements show that the phase
transition occurs in the transient temperature range from 1083±23 K to 1138±32 K. Our
time-resolved RHEED results are in agreement with incomplete melting in which only the
topmost bilayer melts during the phase transition. Therefore, the topmost bilayer is
overheated by 63±23 BC with 100-ps laser heating, which is attributed to the energy
barrier resulted from the layering effect.
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CHAPTER 6
SURFACE MELTING AND SUPERHEATING OF GERMANIUM
LOW-INDEX SURFACES

6.1 Review of previous studies on surface melting and superheating

While melting o f solids has been studied for many decades, our understanding o f
melting is mainly on the thermodynamic level. Only recently has melting been studied
experimentally on the atomic level using surface probes to detect the surface disorder o f
crystals. Surface disorder has been investigated using mo Iecular-dynamics (MD)
simulations in which the surface structure is modeled by an appropriate potential. Several
fee metals have been studied using MD simulations including Ah'"4 Au,5' 11 Cu,12' 17 N i,18'
IQ

and Pb.

Orf 01

_

The general observation of MD simulations suggests that the propensity o f

a surface to remain ordered up to Tm is influenced by surface orientation, in agreement
with the experimental studies. The close packed surface like fee (111) has been observed
to remain ordered up to T ^ while the open surfaces such as foe (110) premelt below the
bulk melting temperature.
Supercooling o f the melt has been observed for many years while the
superheating o f solid is rarely observed due to premelting o f the surface below the bulk
melting temperature.22 Some surfaces that do not premelt have been observed to
superheat under certain conditions. Superheating o f P b ( lll) and Bi(0001) was observed
in time-resolved reflection high-energy electron diffraction (RHEED).23'27 Tolla et al.
have developed a thermodynamic model on superheating (overheating) o f crystals.28
Consider a liquid film o f thickness d between the semi-infinite solid surface and vapor.
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The change in free energy per unit area is given by, AF(d) = L pd(ll-T/Tm) + Ay(d), where
p is the liquid density, L is the latent heat o f melting, and Ay(d) is rthe difference between
the overall free energy o f the two interacting solid-liquid (SL) a n d liquid-vapor (LV)
interfeces. Ay(d) is written as Ay(d) = Ayao + f(d), where Ay® = y s t +

Ylv

- Ysv is the net

free energy change upon conversion o f the SV interface in two mon-interacting SL and
LV interfaces separated by an infinite liquid thickness; f(d) is time effective interaction
between the SL and LV interfaces. The interaction between the S I- and LV interfaces is
mediated by the liquid layer, where the correlation usually decays exponentially as d
increases. For most metals, f(d) has a phenomenological form o f fi(d) = - Ay® exp(-d/^)],
where B, is the correlation length in the liquid. Ay(d) is given by Ay(d) = Ay® [1- exp(d/^)], Therefore, the melting behavior at a surface is determined by Ay® and the properties
off(d).
A melting surface is defined by Ay® < 0 when AF(d) has a minimum at a wetting
temperature, Tw, below melting point. The wetting temperature is given by Tw = Tm( l|Ay«[/ Lp£). Thickness o f the liquid layer is given by d(T) = ^ln[Trm|Ay®|/(Tm-T)Lp§].28
The thickness o f liquid layer grows logarithmically with increasing temperature and
divergences at T = Tm, which is in agreement with the experimentaiL observation. Surface
melting below the bulk melting temperature was observed on some: open fee metals such
as Pb(l 10) and Al(l 10).29’32
A non-melting surface is defined by Ay® > 0 when AF(d) i s always positive at T
< Tm. Therefore, melting below Tm is energetically unfavorable. Vkn energy barrier for
melting exists at temperature Ts = Tm(l+Ay®/ Lp§), which is ab«ove the bulk melting
temperature. Above Ts, the surface will melt. The metastable state ait Tm< T < Ts is called
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the superheated (overheated) state.28 Ts is the m axim um superheating temperature.
Therefore, a surface with non-melting behavior could be superheated. Our time-resolved
RHEED provides a way to transiently heat the surface to a state above the melting
temperature in picosecond time scale with the synchronized pulsed electron beam to
probe the surface disorder. A similar technique, time-resolved Low Energy Electron
Diffraction (LEED), was first used by Becker et al. to investigate the pulse laser
annealing o f the Ge(l 11) surface.33
For Germanium, Ay* = 43 mJ.cm'2.34 This derived value is for an average atomic
packing density and is independent o f the surface orientation. Ay*, is, however, dependent
on the surface orientation, Le., packing density. Ayao is higher for the close-packed
surfaces like fee (111) and fee (100) than that for the open surface such as fee (1 1 0 )/5
Germanium has a diamond structure, the ideally terminated top surface atomic density is
2.31, 2, and 2.82 atoms/a2 for (111), (100) and (110) respectively, where a is the lattice
constant for germanium. In this chapter, I present time-resolved RHEED experiments on
three low-index surfaces G e ( lll) , Ge(100), and Ge(110) in order to investigate the
melting behavior o f these surfaces under 100 ps laser pulse heating.
At about 1050 K (160 K below the melting temperature), the G e (lll) exhibits
incomplete surface melting.36'37 In incomplete melting, unlike surface melting observed
in metals where the thickness o f the liquid layer grows logarithmically with increasing
temperature, the thickness o f the liquid layer on Ge(l 11) was found to be confined to the
topmost monolayer up to the bulk melting temperature. This kind o f incomplete melting
on G e ( lll) surface is also called surface metallization.10’11’28,36’37 In this case, the
interaction potential f(d) between the SL and LV interfaces is different from that for most
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metals, where the liquid layer and the solid have similar electronic properties, Le., both
electrically conductive. For G e (lll), the liquid layer has metallic electronic properties,
Le., electrical conductive, whereas the solid is semiconductor. According to Takeuchi et
al.,37 f(d) o f a solid semiconductor with a metallic liquid film on top is largely influenced
by the free electrons in the metal. f(d) is negative and represents the effective attraction
between the SL and the LV interfaces. There are two reasons why the free electrons in
the metallic liquid layer result in the effective attraction between these two interfaces.37
First, the free electrons immigrate from the liquid layer to the bulk because o f the work
function difference between the semiconductor bulk and the metallic liquid film.38 The
flow o f free electron causes the liquid film to be positively charged and the solid
semiconductor negatively charged. Thus, an effective attraction between the two
interfeces is obtained. Second, a more decisive attraction between the two interfaces
comes from the exchange-correlation effect, which arises between the electron in the
atom and its exchange-correlation hole in the metal.39 The exchange-correlation is much
stronger for short-range than that for long-range. The short-range part o f the exchange
interaction, between the semi-infinite semiconductor and the thin liquid metallic film on
top o f it, gives rise to a large negative contribution to f(d) for small d. This large negative
f(d) makes Ay(d) negative which favors the surface melting below Tm on G e (lll).
However, because f(d) is large for small d, the growth o f the liquid film is blocked. If f(d)
is large enough, the crystalline Ge(l 11) surface covered with one liquid monolayer could
be sustained at and above the bulk melting temperature. Our time-resolved RHEED can
probe the deeper layers depending on the incident angle. In our investigation o f the high
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temperature phase transition on G e (lll), the residual order was observed to sustain
above the bulk melting temperature.36
I am reporting in this chapter the investigation o f the structural behavior o f the
three low-index faces o f germanium at temperatures near the bulk melting point. Both
continuous mode RHEED and time-resolved RHEED are used for the purpose. This work
is aimed at determining how the crystal surface influences the dynamics o f its melting
and how surface disorder relates to the surface superheating.

6.2 Transient heating o f germanium surfaces by 100 ps laser pulse

The transient heating o f the germanium surfaces by a laser pulse were obtained by
monitoring the RHEED streak intensity with the surface temperature as measured for
continuous heating.40 In the case o f 100-ps laser pulse heating, the rate o f the surface
temperature rise and decay is in an order o f 1012 K/sec. The lattice vibration frequency is
about 1013 per second, while the time duration (FWHM) o f the probe electron beam in
our time-resolved RHEED is ~ 100 ps. Therefore, the time-resolved RHEED intensity
attenuation represents the dephasing effect o f the thermal vibration due to the surface
temperature increase when no phase transition occurs.*As the first step to measure the
transient surface temperature pumped by the laser pulse, the RHEED intensity was
calibrated to the static temperature measurements with the photoactivated electron gun
operated in continuous mode. In this case, an UV lamp was used to replace the pulsed
laser beam to illuminate the cathode o f the photoactivated electron gun. The temperature
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dependence o f the RHEED intensity is then used to obtain the transient surface
temperature rise during laser pulse heating.
The time-resolved RHEED intensity measurements were performed to determine
the laser-induced transient temperature rise on the G e ( lll) surface below the high
temperature phase transition.36 The time-resolved RHEED intensity normalized to that at
the base temperatures was obtained for different delay times between the laser heating
pulse and the electron probe pulse. The transient surface temperature rise can be extracted
using the calibration o f the temperature dependence o f the RHEED intensity. The surface
temperature rise maximizes at to when the probe electron pulse arrives on the surface at a
time near the end o f the heating laser pulse, Le., at maximum reduction in RHEED
intensity. We have not included convolution effects due to the fact that the electron probe
pulse width is comparable to the laser heating pulse width. These effects are small due to
the relatively low thermal conductivity o f Ge; thus, surface temperature decay time is
much slower than the electron probe pulse width. The transient surface temperature rise is
in good agreement with the classical heat diffusion model.41 This kind o f measurement
was conducted with the sample kept at different base temperatures ranging from 300 K to
910 K as shown in Fig. 6.1. We note that the effect o f laser transient heating on the
diffraction pattern is more prominent at the higher base temperatures than for that at the
lower base temperatures when subjected to the same laser peak fluence. This is due to the
temperature dependence o f the material parameters, especially the optical absorption
coefficient. Fig. 6.2 illustrates the effects o f the material parameters, i.e., heat capacity,
thermal conductivity, and optical absorption coefficient on the modeled surface
temperature rise based on classical heat diffusion, where the reflectivity at room
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temperature is used in the calculation in order to estimate the effect o f other material
parameters.42 The effect o f reflectivity (R) on the surface temperature rise is proportional
to (1-R) if other material parameters is kept unchanged. However, the temperature
dependence o f the reflectivity and absorption coefficient for Ge is unavailable to us; thus,
we are unable to completely model the surface temperature rise versus the base
temperature.
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Fig. 6.1 Surface temperature rise at time to corresponding to minimum RHEED intensity
increases with base temperature for germanium surfaces. •: G e ( lll), □: Ge(100), O:
Ge(l 10). The heating laser pulse peak fluence is kept constant at 1.8±0.27xl08 W/cm2.
The error bars account for the non-uniformity o f the heating laser fluence across the
sample surface.
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Fig. 6.2 Modeled surface temperature rise variation with base temperature and absorption
coefficient. The peak laser fluence is 1.8x10s W/cm2. Dashed line: Absorption coefficient
and reflectivity are kept the same using values at 442 K while the thermal conductivity
and heat capacity are varied with temperature according to Ref. 42; Solid line: thermal
conductivity, heat capacity and reflectivity are kept the same as those at 442 K while the
absorption coefficient varied as indicated in the figure.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

106

We note from Fig. 6.2 that for g e rmanium the transient surface temperature rise
heated by a laser pulse has minor dependence on the thermal conductivity and the heat
capacity during the temperature range investigated, while it strongly depends on the
optical absorption coefficient which is related to the energy-band structure of Ge. The
energy-band structure o f Ge is well know, as shown in Fig. 6.3.43 The significant features
o f the conduction band are the locations o f the conduction band valleys. The minimum
located at T is separated from the top o f the valence band by 0.805 eV at room
temperature. The indirect bandgap located at L has a separation o f 0.664 eV at room
temperature. The band minimum located near X is 0.18 eV higher than the minimum at
L.
In the experiments reported in this dissertation, the laser wavelength is 1064 nm,
corresponding to a photon energy o f ~ 1.2 eV. The nonlinear optical absorption o f
germanium is primarily due to two processes from the energy-band structure o f
germanium.43 The first process is the direct optical absorption at T and the phonon
assisted indirect absorption at X and L as shown in Fig. 6.3, resulting in the creation o f
electron and hole pairs in the conduction band and valence band, respectively. The
second process is made possible by the optical absorption o f the free carriers (electrons)
in conduction band and (holes) in the valence band. This portion o f the optical absorption
coefficient is proportional to the free carrier density. The second process is enhanced at
high temperature due to the exponential increase o f the density o f the free carriers with
temperature. The direct and phonon assisted indirect optical absorption dominates the
optical absorption process and is also dependent on temperature.
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Fig. 6.3 Schematic o f germanium energy-band structure. The indirect energy bandgap is
0.664 eV at room temperature.43

An expression given by Macfarlane et al. describes the absorption coefficient
dependence on temperature through the energy bandgap o f the semiconductor.44 The
bandgap o f germanium shrinks as temperature is increased, which results in the increase
o f the absorption coefficient. The temperature dependence o f optical absorption
coefficient o f germanium is not available to us. However, the optical absorption
coefficient measured for silicon is dependent on the temperature and, in general, is in
good agreement with the expression given by Macfarlane et al 45 From Fig. 6.2, we note
that a five-fold increase in the optical absorption coefficient could give rise to four times
higher temperature rise on the surface. This is intuitive since the optical absorption
coefficient determines the thickness o f the heating source. As shown in Fig. 6.1, the
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maximum transient surface temperature rise at the base temperature o f 830 K pumped by
the same laser fluence increases two times more than that near room temperature, where
the error bar indicates the non-uniformity o f the laser beam profile across the sample
surface. For Ge(100) and Ge(l 10), the same measurements were performed to obtain the
maximum transient surface temperature rise by laser pulse heating at high base
temperatures. The results in Fig. 6.1 also show that the transient laser heating is
independent o f the surface orientations within the experimental error. This is in
agreement the classic heat diffusion, since the material parameters, i.e., heat capacity,
thermal conductivity, optical reflectivity, and optical absorption coefficient, do not vary
significantly with the orientations.
The maximum transient temperature rises on the germanium surfaces are related
to the peak fluence o f the heating laser pulse. This relation is used to determine the
maximum surface temperature rise for a given laser peak fluence. The maximum surface
temperature rise is proportional to the laser peak fluence when the following two
conditions are satisfied. First, the latent heat o f the phase transition is negligible
compared to the laser pulse energy as is the case in the surface phase transition. Second,
the material parameters in the classic heat diffusion are independent on temperature. For
germanium, the material parameters except the absorption coefficient have minor impact
on the surface temperature rise as illustrated in Fig. 6.2. Since the absorption coefficient
for germanium increases with temperature, the surface temperature rise is not
proportional to the heating laser peak fluence and is higher than that expected if assumed
proportional to laser fluence, which gives the low limit o f the surface temperature rise.
The surface temperature rise extracted from the time-resolved RHEED intensity is also

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

109

lower than the actual value near the tim e at the maximum reduction o f the RHEED
intensity due to the convolution effect. This effect is caused by the feet that the electron
probe pulse width is comparable to the laser heating pulse width. Ideally, the electron
probe pulse width should be much less than the rise and decay times o f surface
temperature. For this temperature measurement, we are assuming that the carriers and
phonons are both in equilibrium with themselves and with each other because o f the
relatively long time (>100 ps) considered in the present measurements. Under these
conditions, the mean vibrational amplitude o f surface atoms in the direction o f
momentum transfer, which is mainly normal to the surface, can be interpreted to give a
surface Debye temperature.

6.3 Superheating o f G e ( l ll )

The first surface investigated is G e ( ll l ) , which is the densest o f the low-index
surfaces o f germanium. The temperature dependence o f the G e ( lll) surface properties
near the bulk melting temperature Tm has been the subject o f several studies. An
anomalous reduction o f the sticking coefficient o f O2 on G e ( lll) surface was first
observed by Lever at a temperature about 150 K below Tm.46“*7 This phenomenon was not
observed on G e(l 10) and Ge(100) surfaces.48 It was first proposed by Lever that this drop
in the sticking coefficient is caused by a surface structural phase transition. In a lowenergy electron diffraction (LEED) study, McRae and Malic reported that the intensities
o f the surface diffraction peaks decrease rapidly near 1050 K and saturate at a low but
nonzero value above 1050 K.49'50 Their observation suggested that the outermost few
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atomic double layers lose lateral crystalline order in a continuous phase transition with a
critical temperature Tc o f about 1058 K. An ion-shadowing and blocking study using
medium-energy ion scattering (MEIS), which is sensitive to short-range order, concluded
that 1-1.5 bilayers are positionally disordered at 1050 K.51 The thickness o f the
disordered bilayers remains constant up to 25 K below Tm. The surface disorder transition
observed on Ge(l 11) was concluded to be a type o f “incomplete melting” in which only
the topmost bilayer on the G e ( lll) surface melts during the order-disorder phase
transition, and the thickness o f this liquid bilayer remains constant up to Tm. Further
experiments on the G e ( lll) surface using electron energy loss spectroscopy (EELS),52
Ge 3p X-ray photoelectron diffiaction and photoelectron holography,53'54 support this
incomplete melting model. On the other hand, a synchrotron x-ray diffraction study
observed a lack o f surface roughening or surface melting, and suggested a proliferation o f
surface vacancies in the first bilayer with a vacancy concentration as high as 50%.55
Using high-resolution helium scattering, Meli et al. suggested that the phase transition at
about 1050 K is an order-order type with the bilayer spacing reduced by about 10%
above Tc.56
Theoretical studies o f the G e(l 11) high temperature phase transition concentrated
on the first principle molecular dynamic (MD) simulation.57 In an MD simulation study
o f the G e (lll) surface within 2% o f Tm, McRae et al. suggested that the long-range
disordering occur only laterally on the outermost bilayer while the layer-like ordering is
maintained up to the outermost bilayer.58 Recently, the MD simulation o f Takeuchi et al.
supported the incomplete melting model near Tm.37 The disordering was found to be
confined to the first atomic bilayer, and this disordered bilayer has a liquid-like diffusion

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ill

and metallic characteristics as liquid germanium. Two physical reasons are postulated for
the incomplete melting o f a semiconductor surface such as G e(l 11). A modified Landau
theory was developed by Chernov and Mikheev considering the layering effect o f a liquid
layer in contact with the solid substrate.59'150 When this model was applied to the Ge(l 11)
surface, where the layering effect is prominent due to the stacking normal to the [111]
direction, the surface was found to be stable with only the topmost layer melting at Tc.51
An energy barrier was shown to exist in this phase transition that prevents the divergence
o f the liquid layer thickness. Another reason for incomplete melting o f G e (lll) is based
on surface metallization, which arises from the attraction between the semi-infinite
semiconductor and a thin metallic film representing the top disordered layer. This
attraction can stabilize the liquid film thickness limiting its thickness for Ge(l 11) to one
bilayer up to Tm.37
Experimental results from LEED, X-ray data, photoelectron diffraction, and
helium scattering were explained based on incomplete melting and metallization on the
G e ( lll) surface near Tm.37 This incomplete melting behavior o f G e (lll), where a
disordered film is formed at a critical temperature Tc o f about 1050 K and the thickness
o f the film remains constant with increasing temperature, is different from the surface
melting transition observed on open fee metal surfaces such as Pb(110) and AI(110),
where the thickness o f the disordered film diverges as the bulk melting temperature is
approached.61-64 Moreover, incomplete melting o f a semiconductor surface is also
postulated to be different from incomplete melting or nonmelting o f metal surfaces
attributed to strong layering forces.59"60,65
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As an initial step to characterize the structural dynamics o f G e ( lll ) at high
temperatures near its bulk melting point, the RHEED patterns both at in-phases and outof-phase conditions were taken at different temperatures ranging from 970 K t o 1140 K.
The energy o f the electron beam is
angles o f

2 .8 °

and

3 .2 °

7

keV and is incident along the

[1 1 0 ]

azzimuth at

corresponding to in-phase and out-of-phase conditions,

respectively. The resulting probed depth is approximately

2 -3

monolayers.36’ Fig. 6.4

summaries the results o f these measurements. The ratio R = I(back)/[I(peakJ-I(back)]
represents the RHEED background intensity o f the specular beam to the peak imtensity at
out-of-phase condition. I(back) is the background intensity obtained at

1 0 (5 /o

o f the

Brillouin zone,66 and I(peak) is the total RHEED peak intensity. R is p lo tte d versus
temperature in Fig. 6.4(a). The decrease o f the ratio R from

1030

K to

1070

K

corresponds to the incomplete melting phase transition. This characteristic o f the
background varying with temperature is in

agreem ent

with the picture o f imcomplete

melting on G e (lll) surface. The initial stage o f the metallization, or the incom plete
melting phase transition, makes the surface atoms more diffusive and hence filH in some
surface vacancies resulting in smoother terraces leading to the decrease o f the RHEED
background intensity. However, above

1070

K the incomplete melting phase tramsition is

completed with one liquid monolayer on top o f the surface. The atomic arrangem ent in
this liquid monolayer is different from the three-dimensional liquid and

is more

accurately described as a quasi-liquid, which retains some o f the crystalline ordler o f the
bulk germanium underneath.67 As temperature is increased further, the dephasung effect
o f the disordered topmost layer grows up, resulting in the increase o f the
background intensity above

1070

RHEED

K. The RHEED streak width measured along tine
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Fig. 6.4 (a). RHEED background-to-peak ratio o f the specular beam (I(back)/(T(peak)I(back)]) at the in-phase and out-of-phase conditions shows increased vacancy density at
high temperatures on the Ge(l 11) surface; (b). FWHM o f the specular beam at the out-of
phase condition shows increased step density with temperature on the G e ( lll) surface;
(c). Surface vacancy density obtained from (a); (d). Average step terrace width along the
[110] azimuth obtained from (b). ■ : in-phase condition; O : out-of-phase condition.
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electron beam incident direction also exhibits behavior consistent with the proposed
picture. The FWHM o f the specular beam at the out-of-phase condition is given in Fig.
6.4(b) for different temperatures. The FWHM o f the RHEED specular beam at out-of
phase condition is a direct measure o f the average step density along the electron beam
incident direction. The decrease in FWHM when raising the temperature from 1030 K to
1070 K is also attributed to the onset o f the incomplete melting phase transition resulting
in flatter surface terraces due to the filling o f the vacancies on the surface by the diffusive
adatoms. At temperature above 1070 K the FWHM increases due to thermal-induced
roughening o f the surface. Fig. 6.4(c) shows the estimated surface vacancy density
obtained from Fig. 6.4(a) assuming kinematic diffraction o f a two-dimensional surface
containing only vacancies. The vacancy density n is given by n x ‘/ 2 [R/(1+MT)+1]2 +
'/2 ,65 where M = 5.88x10‘3 K '1 is the Debye-Waller factor obtained from the temperature
dependence o f the RHEED intensity below the incomplete melting phase transition. The
surface vacancy density increases by ~ 10% from 1050 K to 1150 K.

Fig.

6.3(d)

illustrates the average step terrace width along the [110] azimuth obtained from
2 tc/(FWHM-5), where 5 is the instrumented response. 5 = 0.287 A '1 is obtained from the
FWHM o f the specular beam at the in-phase condition. Increased surface roughening is
observed just before the onset o f the incomplete melting phase transition.
In Chapter 5,36 I reported that the G e(l 11) surface is overheated 63±23 K beyond
the thermodynamic incomplete melting temperature when subjected to 100-ps laser
pulsed heating. At higher temperatures, the surface remains in the incomplete melting
state in which only the topmost layer disorders with the presence o f order in the second
and deeper layers. Since our RHEED electron probe detects the top 2-3 atomic layers, the
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growth o f the topmost liquid layer into the deeper layers could be observed. In order to
investigate the stability o f this incomplete melting state at high temperatures induced by
100-ps laser pulsed heating, time-resolved RHEED measurements were performed with
the optical delay line set at the point o f maximum reduction in the RHEED intensity. This
time is near the time at which the laser heating pulse and the probing electron pulse
overlap at the germanium crystal surface. The RHEED streak intensity, normalized to
that at a given base temperature, is obtained for various laser peak fluences. The sample
base temperature was kept at 1077 K. This incomplete melting is present on the G e(l 11)
surface. Results are shown in Fig. 6.5, which were obtained for the (00) and (01) RHEED
streaks with the electron beam incident at the [1 10] and [101 ] azimuths. It is shown in
Fig. 6.5 that the Ge(l 11) surface retains the residual order up to a laser peak fluences o f
(2.2±0.3)xl08 W/cm2 corresponding to a maximum surface temperature o f 1344±40 K,
where the maximum transient surface temperature rise was obtained for the
corresponding laser peak fluence using Fig. 6.1 with the base temperature o f 830 K. The
obtained maximum surface temperature rise is lower than the actual value due to
convolution effect and the higher base temperature in Fig. 6.5. This indicates the stability
o f the incomplete melting state o f Ge(l 11) surface beyond the bulk melting temperature
o f 1210 K. The indicated errors are due to the non-uniformity o f the laser beam across the
probed sample area. Above (2.2±0.3)xl08 W/cm2, the RHEED intensity was observed to
disappear into the background due to incomplete melting growing vertically into layers
under the top 1-2 atomic layers o f the Ge(l 11) surface.
Further experiments were performed to examine the temporal behavior o f the
growth o f melting. In these experiments, the normalized RHEED streak intensities were

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

116

&
CO
c
(1)
c 3
Q CO
HI «-»
LU CO
X c
X
TJ
0 o
> d)
0 N
CO

T-U\ m i i i

u i i i i t r i i i ) i i r iH r i i i i i i i i

0 .8

9> o
O

0.6

m

o

0.4

a

o

O £

O

O - ° o

CO

£1
E 0.2
0)
E o
c
in n i
0.0

A ¥ ■ c>
❖ ^ _o
* *>mooa 0 a

-

-

i i i I i i i i I i i i i I i i i i I i i i i I I

0.5

1.0

1.5

2.0

2 .5

3.0

Heating laser peak fluence (x108 W/cm2)

Fig. 6.5 Variation o f the time-resolved G e(l 11) RHEED intensity, normalized to that at a
base temperature o f 1077 K, with heating laser peak fluence. The diffraction intensity is
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the surface temperature is at its maximum. The electron beam angle o f incidence is 2.4°.
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rise on the G e ( lll) surface is found to be 219±33 K for a laser peak fluence o f
1.8±0.27xl08 W/cm2.
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obtained at various delay times between the laser heating pulse and the electron probe
pulse. Results for different incident laser peak fluences are shown in Fig. 6.6(a)-(d) with
the sample base temperature kept at 1077 K. For these measurements, the maximum
transient surface temperature rises were related to the corresponding laser peak fluences
using Fig. 6.1 with the base temperature o f 830 K.
In Fig. 6.6(a)-(c), the sample was heated to a maximum surface temperature o f
1186±17, 1230+23, and 1317±36 K, when subjected to a laser peak fluence o f
0.90±0.14xl08, 1.26±0.19xl08, and 1.98±0.30xl08 W/cm2 across the probed sample area,
respectively. For these cases, the experimental data show qualitative agreement with what
is expected from heat diffusion: a rapid decrease in the normalized streak intensity
followed by an increase as the heat is conducted to the bulk.
In Fig. 6.6(d), a sufficient laser peak fluence was provided to heat the sample to
maximum surface temperature o f 1427±53 K, which is above the maximum overheating
temperature o f 1344±40 K observed for the incomplete melting o f the G e ( lll) surface
when subjected to 100-ps laser pulse heating. For this set, the time-resolved RHEED
intensity exhibits an initial fast decrease down to zero within about 200 ps, followed by
zero RHEED intensity for about 0.5 ns indicating the melting duration o f the surface into
deep layers. The RHEED intensity is observed to increase back slowly indicating the start
o f the surface re-crystallization during cooling by heat diffusion to the bulk. In all o f the
experiments reported here, no permanent surface damage was observed on the sample,
and the surface recovers to its initial condition following the laser pulse. All experiments
were conducted at 50-Hz repetition rate.
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Therefore, we conclude that the G e ( l l l ) incomplete surface melting state
supererheats and remains stable up to at least Tm + 134±40K. In this superheated state the
top 1-2 quasi-liquid monolayer on the G e ( lll) surface remains stable when heated by
100-ps laser pulses and do not propagate deeper. For laser fluences raising the surface
temperature above that maximum stability temperature, melting propagates into layer
deeper than the top 1-2 surface layers.

6.4 Surface structural study o f Ge(100)

The next surface we studied was Ge(100), which has a medium atomic packing
density. The Ge(100) surface is characterized by a strong short-range reconstruction with
a weaker long-range ordering across the domains. The termination o f the bulk lattice o f
Ge(100) leaves two dangling bonds per surface atom, which leads to the formations o f
rows o f buckled and asymmetric dimers to minimize the surface free energy.68"69 The
dimerization results in a (2x1) reconstruction state at the surface. Two 2x1 domains
rotated by 90 degree, are generally observed. Regions o f local 2x1 and c(4x2) and p(2x2)
symmetry are also observed.70 Surface X-ray diffraction measurements show that the
reconstructed Ge(100) surface undergoes a reversible (2x1) <=>(lx l) phase transition at Tc
= 955 K.71 There are two conflicting models proposed on the nature o f this surface phase
transition. The first model was proposed by Johnson et al. who suggested that this phase
transition is accompanied with the adatom-vaccancy creation and dimer break-up on the
Ge(100) surface.71 The adatom-vaccancy creation during the phase transition is supported
by the change o f the integrated intensity o f the fractional order beam o f X-ray diffraction
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during the phase transition and the FW HM o f fractional order beam remains the same up
to Tc o f the phase transition- At temperatures above 980 K the specular intensity o f X-ray
diffraction was shown to saturate to the background. This curve was shown to be
reversible if the maximum temperature was kept below 1020 K.71 I f the surface was taken
above this temperature, a significant increased roughening was observed as was indicated
by the rapid drop in the reflected intensity.
This surface roughening behavior is different from the roughening observed at
metal surfaces for which the FWHM o f the fractional order changes continuously across
the transition.29'32 Thus, the X-ray study o f the Ge(100)-(2xl) —( lx l) phase transition
excludes domain size reduction caused by the creation o f steps or the domain wall
movement during the surface phase transition. It was concluded from X-ray diffraction
that the phase transition process involves an assisted break-up o f dimers with some
vertical atomic movement.71 Since the Iow-temperature stability o f the Ge(100) surface is
due to partially accommodating o f dangling bonds by the reconstruction into forming
dimers, it is not surprising that surface roughening is accompanied with disappearance o f
the reconstruction. As the surface becomes increasingly more disordered the average
number o f dimers destroyed per newly formed adatom-vacancy pair falls. The defects
form the nuclei for further disordering, since locally the energy penalty for disordering is
lowered. Thus, the Ge(100)-(2xl) — ( lx l) phase transition accelerates as a function o f
temperature and the fractional order intensity o f X-ray diffraction was observed to drop
precipitously. The surface becomes further roughened above 980 K where the roughening
involves step creation and movement.71
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The second model describes the nature o f the phase transition as domain wall
movement with the number o f dimers conserved during the phase transition. The adatomvacancy proliferation during the phase transition was first questioned by a He-atom
scattering study, where the domain wall proliferation was observed.72 Moreover, the
dimer break-up model was rejected based on an extended spectroscopic study o f the Ge
3d surface core level shift. This study showed conservation o f the total number o f dimers
through both the c(4x2) —(2x1) and (2x1) —( lx l) surface phase transitions up to 1143
7*j “i r

K. '

Therefore, these experiments suggested the (2x1) domain wall proliferation

instead o f dimer break-up during the high temperature phase transition at 950 K with an
order-disorder character. The (2x1) long-range order is gradually lost as the domain walls
start to proliferate. An increase in the step density was also observed from the broadening
o f the He-atom specular (00) beam. Step creation was shown to be only partially involved
in the disordering o f the (2x1) phase.72 At temperature higher than the Ge(100)-(2xl) —
( lx l) phase transition, another phase transition was reported from the valence band
photoemission study, where a discontinuity in the emission intensity at Fermi level was
observed.75
For experimental conditions, the RHEED specular peak is in out-of-phase
condition for monoatomic steps; therefore, it reflects the surface step distribution. The
(2x1) domain wall density is much larger than the density o f randomly distributed
monoatomic steps. The loss o f long-range order results in the background increase and
reduction o f the RHEED specular beam. We first investigated the structural behavior o f
Ge(100) with temperature. The RHEED patterns both at in-phase and out-of-phase
conditions were taken at different temperatures ranging from 750 K to 1150 K. The
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energy o f the electron is kept at 7 keV, and the electron beam is incident along the [O il]
azimuth. The electron beam is incident at angles o f 2.5° and 3.3° with the surface
corresponding to in-phase and out-of-phase conditions, respectively. Fig. 6.7 shows the
results o f this measurement. The ratio R = I(back)/[I(peak)-I(back)] o f the RHEED
background intensity for the specular beam to the peak intensity obtained at out-of-phase
condition is plotted versus temperature in Fig. 6.7(a). The results show clear thermal
proliferation o f surface vacancies above 950 K. Above 950 K, th e ratio R obtained for the
out-of-phase condition increases dramatically while the ratio remains a small constant
value at the in-phase condition. The fact that the background increases with temperature
only for the out-of-phase condition but not for in-phase condition is a typical diffraction
characteristic for a surface developing increased vacancy density with temperature.76 The
FWHM o f the specular beam at the out-of-phase condition is given in Fig. 6.7(b) at
different temperatures. The FWHM o f the RHEED specular beam at out-of-phase
condition provides a measure o f the average step density along the incident electron beam
direction. Fig. 6.7(c) is the calculated surface vacancy density from Fig. 6.7(a) applying
the same method as for G e ( lll) and using the Debye-Waller factor o f 5.5 lx l O'3 K '1
obtained from the temperature dependence o f RHEED intensity at in-phase condition.
The surface vacancy density increases by ~ 150% from 950 K to 1120 K. Fig. 6.7(d)
shows the estimated average step terrace width from Fig. 6.7(b) using the instrumental
response o f 0.328 A '1 obtained from the FWHM at the in-phase condition. Thermal
roughening due to surface vacancy proliferation on Ge(100) is observed. Similar results
were obtained from He-atom scattering.72 Our observation is consistent with the general
accepted theory that the surface roughening is preceded by either o f the two precursors:
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the onset o f dynamical disorder through enhanced anharmonicity or the onset o f static
disorder through adatom-vacancy creation.
In order to investigate the stability o f the Ge(100) surface at high temperature for
100-ps laser pulsed heating, time-resolved RHEED measurements were performed with
the optical delay line set at to- The RHEED streak intensity, normalized to that at a given
base temperature, is obtained for various laser peak fluences. Results are shown in Fig.
6.8 for two pump-probe scans with base temperatures o f 893 K and 983 K, which were
obtained for the (00) and (01) RHEED streaks with the electron beam incident along the
[Oil] azimuth. It is shown in Fig. 6.8(a) and (b) that the Ge(100) surface melts at laser
peak fluences o f 2.4±0.4xl08 and 1.6±0.3xl08 W/cm2 corresponding to maximum surface
temperatures o f 1154±39 K and 1156±26 K, respectively. The maximum transient
surface temperature rises were obtained for the corresponding laser peak fluences using
Fig. 6.1 for Ge(100) with the base temperatures o f 893 and 983 K. The indicated errors
are due to the non-uniformity o f the laser beam across the probed surface area. For these
two sets, the Ge(100) surface disorders near the bulk melting point when subjected to
100-ps laser pulsed heating. The experimental error in this data set, convolution effect,
and low RHEED intensity because o f the proliferation o f vacancies do not allow us to
conclude if Ge(100) premelt or superheat.
Further experiments were performed to examine the temporal behavior o f the
melting process. In these experiments, normalized RHEED streak intensities were
obtained at various delay times between the laser heating pulse and the electron probe
pulse. Results for different incident laser peak fluences are shown in Fig. 6.9. The sample
base temperature was kept at 893 K. For these measurements, the maximum transient
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surface temperature rises were related to the corresponding laser peak fluences using Fig.
6.1 for Ge(100) with the base temperature o f 893 K.
In Fig. 6.9(a)-(c), the sample was heated to a maximum surface temperature o f
1011±18,

1050±24,

1128±35

K,

when subjected

to

laser peak

fluences

of

(1.08±0.16)xl08, (1.44±0.22)xl08, (2.16±0.32)xl08 W/cm2 across the probed surface
area, respectively. For these cases, the experimental data agrees with the expected trends
for heat diffusion: a rapid decrease in the norm alised streak intensity followed by an
increase as the heat is conducted into the bulk.
In Figs. 6.8(d), a laser peak fluence o f (2.52±0.38)xl08 was sufficient to heat the
sample to maximum surface temperature o f 1172±42 K. For this set, the time-resolved
RHEED intensity shows an initial fast decrease down to almost background level within
~ 200 ps. This remains for ~ 0.5 ns which is interpreted as the melting duration o f the
Ge(100) surface. After that, the RHEED intensity increases back slowly indicating the
start o f surface re-crystallization during cooling by heat diffusion to the bulk.
Fig. 6.10(a) illustrates the temperature dependence o f RHEED intensity measured
with photoactivated electron gun operated at continuous mode, where an UV lamp is used
to excite the cathode o f photoactivated electron gun. This temperature dependence o f
RHEED intensity serves as a calibration for converting the time-resolved diffraction
intensity to a transient surface temperature rise.
Fig. 6.10(b), (c), and (d) show the transient surface temperatures o f the Ge(100)
surface heated by 100-ps laser pulses with various peak fluences, which are obtained
from Fig. 8(a), (b), and (c) using the polynomial fit obtained in Fig. 6.10(a). All these sets
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Fig. 6.10 (a). Temperature dependence o f the RHEED intensity for Ge(100) normalized
to that at 661 K, which is obtained with the photoactivated electron gun operated at a
continuous mode and the sample heated on a hot stage. (b)-(d): transient surface
temperature rise for Ge(100) during laser pulse heating with different laser peak fluences.
The surface is maintained at a base temperature o f 893 K. The electron beam is incident
along [Oil] at an angle o f 2°. (b). Ip = l.08±0.16xl08 W/cm2; (c). Ip = 1.44±0.22xl08
W/cm2; (d). Ip = 2.16±0.32xl08 W/cm2. The transient surface temperature rise is obtained
from Fig. 6.9(a), (b), and (c) using the polynomial fit obtained in (a). •: (00) streak and □:
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2°.
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exhibit a rapid surface temperature increase followed by cooling as the heat is conducted
from surface to bulk.
In another set o f experiments, the laser peak fluence w as fixed at 1.8±0.27xl08
W/cm2 while the base temperature was kept at different values. The results are shown in
Fig. 6.11(a)-(d) for base temperatures o f 735, 833, 893, and 983 K, respectively. In Fig.
6.1 l(a)-(c), the maximum transient temperatures are 900±25 K, 1029±29 K, and 1088±29
K, which were obtained from Fig. 6.1 for Ge(100) with the corresponding base
temperature. For these sets o f measurements, the surface was observed to remain in order.
In Fig. 6.11(d), the m axim um transient temperature is 1179+29 K, which is
obtained from Fig. 6.1 for Ge(100) with base temperature o f 893 K and the actual
maximum transient temperature is higher than that due to the convolution effect. The
normalized RHEED intensity w as observed to remain within the background level for ~ 3
ns followed by slow recovery indicating re-crystallization due to heat conduction to the
bulk. For this measurement, the surface was observed to melt near the bulk melting
temperature when subjected to 100-ps laser pulsed heating. The data favors the view that
no residual order observed above the bulk melting point for the Ge(100) surface. Fig.
6.12(b), (c), and (d) show the transient surface temperature rises obtained from Fig.
6.11(a), (b), and (c) using the polynomial fit obtained in Fig. 6.12(a), where the classic
heat diffusion is followed. In all o f the experiments reported here, no permanent surface
damage was observed on the sample, and the surface recovers to its initial condition
following the laser pulse.
In summary, the static RHEED results show that both the density o f vacancies and
the surface step density proliferate above 950 K. The time-resolved RHEED results show
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The electron beam is incident along [011] at an angle o f 2°. (b). 735 K; (c). 833 K; (d).
893 K. The transient surface temperature rise is obtained from Fig. 6.11(a), (b), and (c)
using the polynomial fit obtained in (a). •: (00) streak and □: (01) streak, where the
electron beam is incident along the [011] direction at an angle o f 2°.
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that the Ge(lOO) surface melts near the bulk melting point Tm for transient heating with
100-ps laser pulse in contrast to the superheating o f the G e ( lll) surface. The
experimental error, convolution effect, and low RHEED intensity because o f the
proliferation o f vacancies do not allow us to conclude the premelting o f Ge(100).
However, the results favor the lack o f superheating o f the Ge(100) surface.

6.5 Surface structural study o f Ge(110)

The final surface considered is Ge(llO). O f the three low-index surfaces o f
germanium, the Ge(llO) surface is by far the least studied. From studies o f valence band
and Ge 3d core level photoemissions, a surface phase transition was observed with a
weak surface metallization at 800 EC.77,78 This metallicity is found to increase
continuously up to 1110 EC. A n abrupt and intense jump o f the photoemission intensity at
Fermi level was also observed at 1110 EC.77 This discontinuity in the photoemission
intensity was attributed either to a further breakdown o f surface atomic bonds or to the
onset o f an incomplete melting phase transition at 1110 ECsimilar to the reported behavior
o f the adatom-restatom o f G e(l 11).
Reconstruction on the Ge(110) surface shows uncommon features: a c(8xl0)
structure appears at temperatures below 650 EC, a 2x16 superstructure is observed at the
temperatures above 650 ECand below 700 EC, reappearance o f c(8xl0) is obtained above
700 EC.79*81 These reconstructions are identified to be formed by adatoms. Ideally
terminated Ge(110) exposes zigzag atomic rows along the [110] direction with second
layer zigzag rows displaced relatively by half spacing to the first layer. Each atom at the
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first layer has one dangling bond. At temperatures below 650 K, the surface free energy
was shown to minimize locally with adatoms forming zigzag trains o f polygons along the
[22 5] direction. The trains are thought to run along the [22 5] direction as welL The
adatom polygons were found to have symmetry o f a “centered” 8x10 periodicity, with the
sides o f the unit mesh along the [110] and [001] directions.79-81 The Ge(110)-c(8xl0)
reconstruction was observed by LEED, RHEED, and STM.79-81 Ge(110)-2xl6
reconstruction was observed using STM after surface cooling to 700 K from an annealing
temperature o f 1000 K.80 Noro and Ichikawa proposed a model for the Ge(110)-2xl6
reconstruction, where the surface consists o f a periodic up-and-down sequence o f terraces
with height difference o f an [110] plane spacing.79 In their model, the parallel terrace
steps are along the [112] direction. Zigzag adatom chains are formed on the terraces with
the chains running along the [112] direction. The unit mesh o f the adatom chains has a
translational symmetry o f 2x16 as for Si(l 10).79 The c(8xl0) reconstruction was observed
to reappear above 700 K and the fractional order in RHEED patterns become less defined
with increasing temperature and fade in the high background above 800 K.79 Ge 3d core
level photoemission study o f Ge(llO) at high temperature suggests a metallic surface
character above 750 K.77 Motivated by clarifying surface roughening and surface melting
character on G e(l 10) surface at high temperatures, we have performed experiments using
continuous and time-resolved RHEED to investigate the surface structural behavior o f
Ge(l 10) at high temperatures near the bulk melting point.
Similar to our study o f the Ge(l 11) and the Ge(100) surfaces, the G e(l 10) surface
structure at high temperature is first investigated using continuous mode RHEED. The
RHEED patterns both at in-phase and out-of-phase conditions were taken at different
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temperatures ranging from 760 K to 1150 K. The energy o f the electron was 7 keV, and
the beam was incident along the [112] azimuth at angles o f 2.6° and 3.4° corresponding
to in-phase and out-of-phase conditions, respectively. Fig. 6.13 summaries the results o f
this measurement. The ratio R = I(back)/[I(peak)-I(back)] o f the RHEED background
intensity to the peak intensity o f the specluar beam at out-of-phase and in-phase
conditions was plotted versus temperature in Fig. 6.13(a). Results show thermal
proliferation o f the surface vacancies starting at 950 K. Above 950 K, the ratio R for the
out-of-phase condition increases dramatically while the ratio remains a small constant
value at the in-phase condition, which is a typical diffraction characteristic for a surface
developing vacancies with temperature.76 Fig. 6.13(c) is the calculated surface vacancy
density using the same method as for G e (lll) and Ge(100), where the Debye-Waller
factor M is 4.108x1 O'3 BCl. The surface vacancy density increases slightly, by ~ 6% from
950 K to 1150 K. The FWHM o f the specular beam at the out-of-phase condition is given
in Fig. 6.13(b) for different temperatures. Fig. 6.13(d) shows the estimated average step
terrace width along the [112] azimuth obtained from Fig. 6.13(b) using the instrumental
response o f 0.246 A '1 which is obtained from the FWHM o f the specular beam at the inphase condition. Increased thermal roughening due to step proliferation on Ge(110) is
observed as temperature is increased. Fig. 6.13(c) and (d) show that the surface
roughening on Ge(l 10) is mainly due to the reduction in the average terrace width instead
o f vacancy proliferation on the terraces.
In order to investigate the structural stability o f the Ge(110) surface at high
temperatures

induced
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measurements conducted o n G e ( lll) and Ge(100). The RHEED streak intensity,
normalized to that at a given base temperature, is obtained for various laser peak
fluences. Results are shown in Fig. 6.14 for two pump-probe scans with base
temperatures o f 1003 K and 1080 K, which were obtained for (00) and (11) RHEED
streaks. The electron beam is incident along the [112] azimuth direction. It is shown in
Fig. 6.14 that the Ge(llO) surface melts at laser peak fluences o f (1.40±0.21)xl08 and
(0.80±0.l2)xl08 W/cm2 for the two different base temperatures which gives a maximum
surface temperature o f 1189±28 and 1187±16 K. The maximum transient surface
temperature rises were obtained for the corresponding laser peak fluence using Fig. 6.1
for Ge(110) with the base temperatures o f 910 K. For these two sets, the Ge(110) surface
melts near the bulk melting point (Tm= 1210 K) when subjected to 100-ps laser heating.
Further experiments were performed to exam ine the temporal behavior o f the
melting process o f Ge(110). In these experiments, normalized RHEED streak intensities
were obtained at various delay times between the laser heating pulse and the electron
probe pulse. Results for different incident laser peak fluences are shown in Fig. 6.15. The
sample base temperature was kept at 1003 K and 1080 K. For these measurements, the
maximum transient surface temperature rises were related to the corresponding laser peak
fluences using Fig. 6.1 for G e(ilO ) with the base temperature o f 910 K. In Fig. 6.15(a)
and (c), the sample was heated to a maximum surface temperature o f 1147±22 and
1128±7 K, when subjected to a

laser peak fluence o f (1.08±0.16)xl08 and

a

(0.36±0.06)xl0 W/cm over the probed surface area, respectively. For these two cases,
the experimental data agree with that expected from classical heat diffusion: a rapid
decrease in the normalized streak intensity followed by an increase as the heat is
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1003 K; (b). Base temperature = 1080 K. RHEED intensities are obtained at the time to.
The electron beam is incident along the [1 12] direction at an angle o f 2.1°.
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conducted into the bulk. For Fig. 6.15(b) the sample was heated to a m axim um t r ansient
temperature o f 1195±29 K by a laser peak fluence o f (1.44±0.22)xl08 W/cm2. l a this
case, the maximum transient surface temperature is just enough to cause surface rtmelting.
In Figs. 6.14(d), sufficient laser fluence o f (0.72±0.ll)xl08 W/cm2 was provided
to heat the sample to maximum surface temperatures o f 1176±14 K, which is aro u n d its
bulk melting point if the convolution effect and the high base temperature are considered.
The lower transient temperature rise obtained in Fig. 6.15(d) than that obtained in Fig.
6.15(b) is attributed to the higher base temperature in Fig. 6.15(d). For this case, tfcae timeresolved RHEED intensity shows an initial fast decrease down to the backgrouod level
within about 200 ps, followed by about 1.5 ns with RHEED intensity rem aining; w ithin
the background indicating the melting duration o f the surface. Subsequently, the RHEED
intensity increases back slowly indicating the start o f the surface re-cry stall izatioa. during
cooling by heat diffusion to the bulk.
Fig. 6.16(a) illustrates the temperature dependence o f RHEED intensity measured
with photoactivated electron gun operated at continuous mode, where an UV lamp is used
to excite the cathode o f photoactivated electron gun. This temperature dependence of
RHEED intensity serves as a calibration for converting the time-resolved diffraction
intensity to a transient surface temperature rise. Fig. 6.16(b), (c), and (d) sh o w the
transient surface temperature rises obtained from Fig. 6.15(a), (b), and (c) using the
polynomial fit obtained in Fig. 6.16(a).
In another set o f experiments, the laser peak fluence was fixed at (1.8±0.27)xl08
W/cm2 [(1.44±0.22)xl08 W/cm2 for (c)] while the base temperature was kept at different
temperatures. The results are shown in Fig. 6.17(a)-(d). In Fig. 6.17(a)-(c), the resuilting
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Fig. 6.15 Time-resolved normalized RHEED intensity (•: (00) streak, □: (11) streak)
versus delay time between the electron probing pulse and the laser heating pulse with
Ge(110) maintained at two different base temperatures and subjected to different laser
peak fluences (Ip). The electron beam is incident along the [112] direction at an angle o f
2.1°. (a). Ip = (1.08±0.16)xl08 W/cm2, base temperature = 1003 K; (b). Ip =
1.44±0.22xl08 W/cm2, base temperature = 1003 K; (c). Ip = 0.36±0.06xl08 W/cm2, base
temperature = 1080 K; (d). Ip = 0.72±0.11x10s W/cm2, base temperature = 1080 K.
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Fig. 6.16 (a). Temperature dependence o f the RHEED intensity normalized to that at 772
K, which is obtained with, the photoactivated electron gun operated at a continuous mode.
(b)-(d): transient surface temperature rise o f Ge(110) during laser pulse heating with
different laser peak fluences. The surface is maintained at a base temperature o f 1003 K
and 1080 K. The electron beam is incident along the [112] direction at an angle o f 2.1°.
(b). Ip = (1.08±0.16)xl08 W/cm2, base temperature = 1003 K; (c). Ip = 1.44±0.22xl08
W/cm2, base temperature = 1003 K; (d). Ip = 0.36±0.06xl08 W/cm2, base temperature =
1080 K. The transient surface temperature rise is obtained from Fig. 6.15(a), (b), and (c)
using the polynomial fit obtained in (a). •: (00) streak and □: (01) streak. The electron
beam is incident along the [1 12] direction at an angle o f 2.1°.
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maximum, transient temperatures are 1019±29, 1106±29, and 1160±24 BCbelow the bulk
melting point. For these sets, the experimental data agree with classical heat diffusion.
For Fig. 6.17(d), the m axim um transient temperature is 1205±29 EC, which is very close
to the bulk melting point. This obtained value is the low limit due to the convolution
effect and the high base temperature. In this case, the normalized RHEED intensity
remains zero for 0.5 ns followed by slow recovery indicating re-crystallization due to
heat conduction to the bulk.
Fig. 6.18(b), (c), and (d) show the transient surface temperature rises obtained
from Fig. 6.17(a), (b), and (c) using the polynomial fit obtained in Fig. 6.18(a). These sets
show a characteristic o f classic heat diffusion. The obtained transient temperature rise in
Fig. 6.15(d) is less than those in Fig. 6.15(b) and Fig. 6.17(c) is attributed to the higher
base temperature in Fig. 6.15(d). In all o f the experiments reported here, no permanent
surface damage was observed on the sample, and the surface recovers to its initial
condition before the next laser pulse.
In conclusion, the static RHEED results show that the density o f vacancies on
Ge(llO) slightly increases above 950 EC. The surface step density shows dramatic
increase starting at 1070 EC indicating thermal roughening on the Ge(110) surface. The
time-resolved RHEED results show that the G e(liO) surface melts near the bulk melting
point by transient heating using 100-ps laser pulse. Although premelting o f Ge(llO ) by
100-ps laser pulse heating cannot be concluded from the data due to the convolution
effect and other experimental errors in the time-resolved RHEED, the results favor the
conclusion that no residual order is retained on the Ge(110) surface above the bulk
melting temperature.
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Fig. 6.17 Time-resolved normalized RHEED intensity (•: (00) streak, □: (11) streak)
versus delay time between the electron probing pulse and the laser heating pulse. The
Ge(llO) surface is subjected to a laser peak fluence (Ip) o f 1.8±0.27xl08 W/cm2 except
for (c) and the surface is maintained at different base temperatures, (a). 823 K; (b). 910
K; (c). 1003 K (Ip = 1.44±0.22xl08 W/cm2); (d). 1009 K. The electron beam is incident
along the [112] direction at an angle o f 2.1°.
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Fig. 6.18 Transient surface temperature rise for Ge(l 10) during laser pulse heating with
different base temperatures. The heating laser peak fluence is maintained at 1.8±0.27xl08
W/cm2 except for (c). (a). Temperature dependence o f the RHEED intensity normalized
to that at 772 K, which is obtained with the photoactivated electron gun operated at
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2.1°. (b). 823 K; (c). 910 K; (d). 1003 K (Ip = 1.44±0.22xl08 W/cm2). The transient
surface temperature rise is obtained from Fig. 6.17(a), (b), and (c) using the polynomial
fit obtained in (a). •: (00) streak and □: (01) streak, where the electron beam is incident
along [112] at an angle o f 2.1°.
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6.6 Sum m ary

In summary, we have investigated the structural behavior o f the three Iow-index
surfaces o f germanium at high temperatures near its bulk melting point using quantitative
static RHEED and 100-ps time-resolved RHEED. For slow heating, the static quantitative
RHEED results show that Ge(100) develops high density o f surface vacancies and
surface roughening due to vacancy proliferation as the temperature approaches the bulk
melting point, while both Ge(l 11) and Ge(l 10) present slight surface vacancy increase at
high temperatures. Surface roughening was observed on G e(l 11) before the incomplete
melting phase transition. Ge(llO ) exhibits surface roughening as temperature is
increased. For 100-ps laser heating, our time-resolved measurements show that the
incomplete melting state o f the G e ( lll) surface remains stable at least up to 1344±40 K,
which indicates the superheating o f the incomplete melted G e ( lll) surface beyond the
bulk melting point by at least 134±40 K under such transient heating conditions. For
Ge(110) and Ge(100), melting near the bulk melting point is observed when the two
surfaces are heated by 100-ps laser pulse. Because o f the low diffraction intensity at high
temperatures and the temperature uncertainty o f the time-resolved experiments, we are
unable to conclusively conclude premelting, on one hand, or, on the other hand, any
potentially small superheating o f Ge(100) and Ge(110) when subjected to 100-ps laser
pulse heating. The results, however, favor lack o f surface superheating of Ge(100) and
Ge(l 10) and show clear difference in the high temperature structural stability o f Ge(l 11)
when compared to Ge(100) and Ge(l 10) for 100-ps laser heating. The overheating o f the
incomplete melting state o f G e ( lll) above the melting point is attributed to the strong
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layering effect o f the topmost 1-2 germanium liquid layers in contact with the solid
substrate underneath and the metallization o f the topmost 1-2 liquid layers.
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CHAPTER 7
LASER HEATTTVG EFFECT ON SURFACE MORPHOLOGY O F GERMANIUM

In this chapter I will test the validity o f approximate constant surface morphology
before and after each laser pulse heating, provided that the laser fluence is less than that
could cause the irreversible surface processes such as melting and damage in the pumpprobe experiments. The probe-pump time-resolved experiments reported in this thesis
project are averag-ed over 3000 to 5000 laser pulses. The laser frequency is 50 Hz, Le., 20
ms between two neighboring pulses, which is much longer than the laser pulse width o f
100 ps. A reasonable assumption is that the surface returns to its original state after each
laser pulse heating if the laser pulse heating does not cause any irreversible surface
morphology change.
In order to» investigate the surface morphology, i. e., surface vacancy density and
step density after laser irradiation, the RHEED images at the out-of-phase conditions
were taken after a total o f 1000 laser pulse irradiation at different laser peak fluences.
These images w ere analyzed later on the specular beam. The laser heating was performed
while the sample was kept at a base temperature. After each set o f laser irradiation the
sample was then cooled down to room temperature followed by heating back to the base
temperature. This temperature cycling after laser irradiation allowed us to bring back the
surface to nearly' the same surface morphological conditions prior to each laser
irradiation. The ratio R = I(back)/[I(peak)-I(back)] represents the RHEED background
intensity o f the specular beam to the peak intensity at the out-of-phase condition. I(back)
is the background intensity obtained at 10% o f the Brillouin zone,1 and I(peak) is the total
RHEED peak intensity. The ratio R at the out-of-phase condition is directly related to the
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vacancy density on the surface. The FWHM o f the RHEED specular beam at the out-of
phase condition is a direct measure o f the average step density along the electron beam
incident direction.
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Fig. 7.1(a) The RHEED background-to-peak ratio o f the specular beam (I(back)/(T(peak)I(back)]) at the out-of-phase condition on G e ( lll) ; (b) FWHM o f the specular beam at
the out-of-phase condition on Ge(l 11); (c) Surface vacancy density obtained from (a); (d)
Average step terrace width along the [110] azimuth obtained from (b).
For G e (lll), Fig. 7.1(c) shows the estimated surface vacancy density obtained
from Fig. 7.1(a) assuming kinematic diffraction o f a two-dimensional surface containing
only vacancies. The G e ( lll) sample was kept at a base temperature o f 1108 K. The
energy o f the electron beam is 7 keV, and is incident along the [110] azimuth at an angle
o f 3 .2 ° corresponding to out-of-phase condition. The vacancy density n is given by n

oc *4

[R/(1+MT)+1]2 + 'A,2 where M = 5.88xl0‘3 K"1 is the Debye-Waller factor obtained from
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the temperature dependence o f the RHEED intensity below the incomplete melting phase
transition. The surface vacancy density change is less than 5% before laser peak fluence
o f 2.0x108 W/cm2, which corresponds to the melting o f the G e ( lll) surface. Fig. 7.1(d)
illustrates the average step terrace width along the [110] azimuth obtained from
2tc/(FWHM-8), where 8 is the instrumental response. 8 = 0.287 A '1 is obtained from the
FWHM o f the specular beam at the in-phase condition. The surface roughness is
approximately constant before the G e(l 11) surface melting.
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Fig. 7.2(a) RHEED background-to-peak ratio for the specular beam (I(back)/[I(peak)I(back)]) at the out-of-phase condition versus laser peak fluence for G e(l 10). (b) FWHM
o f the specular beam at the out-of-phase condition versus laser peak fluence for G e(l 10);
(c) Surface vacancy density obtained from (a); (d) Average step terrace width along [112]
azimuth obtained from (b).

For Ge(l 10), Fig. 7.2(c) is the calculated surface vacancy density from the R ratio
in Fig. 7(2(a) using the same method as for G e(l 11), where the Debye-Waller factor M is
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4.108x1 O'3 K~l. The Ge(110) sample was kept at a base temperature o f 1122 K. The
energy o f the electron was 7 keV, and the beam was incident along the [112] azimuth at
an angle o f 3.4° corresponding to out-of-phase condition. The surface vacancy density
change is less than 5% before laser peak fluence o f 1.0x10s Watts/cm2. The FWHM o f
the specular beam at the out-of-phase condition is given in Fig. 7.2(b) for different laser
peak fluences. Fig. 7.2(d) shows the estimated average step terrace width along the [112]
azimuth obtained from Fig. 7.2(b) using the instrumental response o f 0.246 A '1 which is
obtained from the FWHM o f the specular beam at the in-phase condition. The surface
roughness remains almost unchanged before 1.0x10s Watts/cm2.

Shutter open ____

____

____

____

___

___

Shutter close

Fig. 7.3 Pump laser shutter operation during the time-resolved experiments. The time
duration for each shutter operation is 10 seconds, which corresponds to 500 pulses with
the laser operated at 50 Hz. The measurements are averaged over 6 to 10 shutter open and
close operation.

In conclusion, the surface morphology is approximately constant by the laser
pulse heating if the laser peak fluence is below that causes the surface melting or damage.
In addition, all the pump-probe time-resolved experiments were performed at the inphase conditions, where the RHEED measurements are insensitive to the vacancy and the
surface roughness. Therefore, the approximation o f surface returning to the original state
after each laser pulse heating is valid provided that the laser fluence is less than that could
cause the irreversible surface processes such as melting and damage. In all the pump-
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probe time-resolved experiments, the RHEED intensity is averaged over 6 to 10 sets o f
data as shown in Fig. 7.3. Each set is the integrated intensity over 500 laser pulses in
pump laser shutter open (laser heating) and close (without laser heating) states
alternatively. The standard deviation over the 6 to 10 sets o f data is ~ 5%, which on the
other hand supports the validity o f the above approximation.
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CHAPTER 8
SUMMARY

This dissertation research has contributed to the understanding o f the dynamics o f
phase transitions on Ge low-index surfaces and the dynamics o f melting on these
surfaces. The time-resolved RHEED experiments on surface phase transitions include:
(1) G e(l 1 l)-c(2x8) - (lx l) phase transition; (2) Ge(l 1 l)-(‘T x l”)h incomplete melting
phase transition; (3) Ge(100)-(2xl) — ( lx l) phase transition. These studies aimed at
understanding the dynamics o f the surface phase transitions and discovery o f overheating
o f reconstruction states on Ge low-index surfaces. The investigations o f melting
dynamics on Ge low-index surfaces include time-resolved RHEED experiments on (1)
Ge(l 11); (2) Ge(100); and (3) G e(l 10) near melting temperature.
For the G e(lll)-c(2x8) —( lx l) phase transition with slow heating, the RHEED
results show that the adatoms in the G e(l 1 l)-c(2x8) reconstruction state start to disorder
at the vicinity o f 510 K and are converted to a totally disordered adatom arrangement at
573 K. This is consistent with previous LEED and STM observations. By 100-ps laser
pulse heating, the time-resolved RHEED measurements show that the disorder starts at
584±16 K, 74±16 K above the onset temperature for the disordering under
thermodynamic equilibrium. This result is in qualitative agreement with the overheating
of G e(lll)-c(2x8) which was previously only predicted from MD simulations. The
overheating o f Ge(l 1l)-c(2x8) is attributed to the diffusion energy barrier associated with
the adatom disorder starting from the domain boundaries.
Regarding the Ge(100)-(2xl) —( lx l) phase transition, the static RHEED results
show that the Ge(100)-(2xl) reconstruction is observed to lose its long-range order
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between 900 K and 1000 K under slow heating. This is consistent with previous surface
X-ray and HAS observations. However, by 100-ps laser pulse heating, the time-resolved
RHEED measurements show that the disorder starts at 1027±44 K, 127±44 K above the
onset temperature for the disordering under thermodynamic equilibrium. The overheating
o f Ge(l00)-(2xl) heated by ultrafast laser pulse is consistent with the domain wall
proliferation and movement during the Ge(100)-(2xl) — (lx l) phase transition. This
phase transition is partially accompanied with increased thermal roughening and
increased surface vacancy-adatom density.
For the incomplete melting phase transition on the G e (lll) surface, the static
RHEED results under slow heating show that the high temperature phase transition
spreads from 1020 K to 1070 K. This is consistent with previous LEED, MEIS, and
photoelectron diffraction observations. With 100-ps laser pulse heating, the time-resolved
RHEED measurements show that the phase transition occurs in the transient temperature
range from 1083±23 K to 1138±32 K. The time-resolved RHEED results are in
agreement with incomplete melting in which only the topmost bilayer melts during the
phase transition. Therefore, the topmost bilayer is overheated by 63±23 K with 100-ps
laser heating, which is attributed to the energy barrier resulted from the layering effect.
This dissertation research has also investigated the structural behavior o f the three
low-index surfaces o f germanium at high temperatures near its bulk melting point using
quantitative static RHEED and 100-ps time-resolved RHEED. For slow heating, the static
quantitative RHEED results show that Ge(100) develops high density o f surface
vacancies and surface roughening due to vacancy proliferation as the temperature
approaches the bulk melting point, while both G e(l 11) and Ge(l 10) present slight surface
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vacancy increase at high temperatures. Surface roughening was observed on G e ( lll)
before the incomplete melting phase transition. Ge(llO) exhibits surface roughening as
temperature is increased. For 100-ps laser heating, the time-resolved measurements show
that the incomplete melting state o f the G e ( lll) surface remains stable at least up to
1344±40 K, which indicates the superheating o f the incomplete melted G e ( lll) surface
beyond the bulk melting point by at least 134±40 K under such transient heating
conditions. For Ge(llO) and Ge(100), melting near the bulk melting point is observed
when the two surfaces are heated by 100-ps laser pulse. Because o f the low diffraction
intensity at high temperatures and the temperature uncertainty o f the time-resolved
experiments, it is difficult to conclusively conclude premelting or any potentially small
superheating o f Ge(100) and G e(llO ) when subjected to 100-ps laser pulse heating. The
results, however, favor lack o f surface superheating o f Ge(100) and Ge(llO) and show
clear difference in the high temperature structural stability o f G e(l 11) when compared to
Ge(100) and Ge(l 10) for 100-ps laser heating. The overheating o f the incomplete melting
state o f G e(l 11) above the melting point is attributed to the strong layering effect o f the
topmost 1-2 germanium liquid layers in contact with the solid substrate underneath and
the metallization o f the topmost 1-2 liquid layers.
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APPENDIX A
LASER SYSTEM

The laser system used in time-resolved RHEED consists o f a continuously
pumped NdrYAG regenerative amplifier and one pass amplifier. The 100-ps pulse seed is
injected from a mode-Iock NdrYAG oscillator.

M3

ISTd:YAG oscillator

M2

PoekaleCetl

QWP

LI

L2

Ml

M5
M4

SHG to generate 532 mti

2S6 n e

MS to reflect 532 n a
SHG to generate 2SS m
Delay

line

1064 nm
to sample
NdrYAG one paes amplifier

Fig. A1 Schematic diagram o f the 100-ps laser system

Operation:
Run laser at 800 Hz
(1) Start the refrigerated recirculator
(2) Switch on the cooling water o f the oscillator, regenerative amplifier, pockels cell, and
the one pass amplifier.
(3) Turn on the RF power supply for the oscillator.
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(4) Turn on the power for oscillator, regenerative amplifier, and pockels cell driver.
(5) Let the laser system warm up for 20 minutes.
(6) Fire the regenerative amplifier.
(7) Start lasing the oscillator.
(8) Turn on the high voltage o f the Pockels cell.
(9) Turn on the photodiode to trigger Pockels cell.
(10) Now the laser system running at 800 Hz.

Run laser at 50 Hz
(11) Connect the output o f the digital delay generator to the “Delay 1 In” o f the RF driver
for the Pockels cell. Refer to Fig. A2.
(12) Turn on the digital delay generator.
(13) Turn on the photodiode to trigger the digital delay generator. Refer to Fig. A4.
(14) Fire the one-pass amplifier.
(15) Now laser running at 50 Hz.

Digital
delay
Generator

-2

•

2

rrcmfTr’-(■

vtos } 't f \i :;~

- •'

RF Driver
for Pockels
cell

Fig. A2 RF power supply for the Pockels cell and the digital delay generator.
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/
50 Hz trigger
photodiode

Fig. A3 Nd:YAG regenerative amplifier

Fig. A5 Second Harmonic Generator (SHG)

Fig. A4 One-pass Nd:YAG amplifier

Fig. A6 Optical delay line

to convert 532 nm to 266 nm.
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APPENDIX B
AUTOCORRELATOR

Optical autocorrelator is used to measure the full width at half maximum
(FWHM) o f ultrashort laser pulses. The mechanism o f autocorrelation is the two-photon
interaction to produce the third higher energy photon. By considering the momentum and
energy conservation, one can figure out the energy and momentum o f the third photon as
shown in Fig. 1.

Fig. A7 Two photon-interaction

The measured beam (1064nm) is split into two beams. One beam passes through a
delay line. The two beams interact inside a SHG crystal, where green (532nm) beams are
produced. There are 3 green beams. The two green beams that direct along the dashed
line in Fig. 1 are SHGs o f the primary beams. What we need to monitor is the one
between, which is coupled to a photo-diode using a 50-Ohm terminator. The output o f the
photo-diode is input to a x-y recorder. The profile is the correlation function o f the two
pulses, from which the FWHM o f the pulse can be obtained.

Operation:

(1) Install the drop-in IR mirror near the amplifier as shown in Fig. A8.
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(2) Position the delay line at to where the two beams arrive at the crystal at the same time.
You can assure to position by carefully measuring the optical paths o f the two beams.
(3) Align the two beams and adjust the SHG until you see 3 green light beams.
(4) Install a KG5 filter before the photodiode to remove the IR background.
(5) Switch the time base o f the recorder to X.
(6) Start the delay line stage controller and the x-y recorder simultaneously.
(7) After sweep over the profile, stop the delay line stage controller and the x-y recorder
simitanously.
(8) Be sure to divide by square root o f 2 from the FWHM o f the correlation profile to
obtain the FWHM o f the pulse.

Photo
diode
v

Dron-in mirror

F e b . 5 ,1 9 9 8
A u to c o r r e la tio n
FW HM : 1 0 7 p s

y
Delay
Stage

SHG

Beam
Split
Fig. A9 Autocorrelation function profile o f

Fig. A8 Optical autocorrelator.

a 1064nm optical pulse.
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APPEIVDLX C
UHV SYSTEM M AINTENANCE AND OPERATION

Maintenance:

(1) Do not expose the UHV chamber to atm osphere for long.
(2) Always close the ion pump isolation v alv e when the chamber is exposed.
(3) Feed in dry nitrogen to break the vacuurm.
(4) Bake the chamber to the turbo pump before bake to the ion pump.
(5) Assure the cooling water o f the sublim ation pump is disconnected before baking the
chamber.
(6) The pressure should be able to reach 10'1‘° Torr after 24 hrs baking time.
(7) Clean up the flammable material near thee chamber and cover the whole chamber with
aluminum foil before baking the chamber.

Operation:

Vacuum break procedure:

(1) Close the ion pump isolation valve.
(2) Stop the ion pump.
(3) Feed in dry nitrogen.

Vacuum pump up procedure:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

165

(1) Confirm that the chamber is properly sealed.
(2) Start the roughing pump, and then start the turbo pump.
(3) When the turbo reaches maximum speed, open the ion pump isolation valve.
(4) When the pressure drops lower than 10"5 Torr, start baking the chamber to turbo. Be
sure to disconnect the cooling water.
(5) After 10 hrs baking the chamber to turbo, stop the baking.
(6) The pressure should be able to reach 10*8 Torr after the chamber cools down.
(7) Degas the sample.
(8) Close the valve to the turbo.
(9) Start the ion pump.
(10) Baking the chamber to the ion pump for another 12 hrs.
(11) The pressure should be able to reach the lower range o f 10'10 Torr.
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APPENDIX D
ARGON ION GUN OPERATION AND SAMPLE CLEANING

(1) Argon ion bombardment can only be operated after the chamber bake-out and the
pressure reaches 10*10 torr.
(2) Degas the sample by heating before ion bombardment.
(3) Put the manipulator at 80 degree where the ion beam is perpendicular to the surface o f
the sample.
(4) Flash the sublimation pump at 55 A for 60 seconds and then turn o ff the ion pump.
(5) Feed argon gas into the chamber through leak valve until the pressure reaches 10'5
torr.
(6) Turn on the power o f the ion gun control unit.
(7) Change the emission current to the range o f 10 to 20 mA. DO NOT EXCEED 30 mA!
(8) Turn on the beam voltage. If you want to change the beam energy, switch to your
desired energy before you turn on the beam voltage. Higher energy causes more surface
damage.
(9) By turning off all the light in the room, you can see the glow o f the ion beam from the
window o f the chamber. Align the sample to the center o f the ion beam by changing x,y,z
o f the manipulator. The beam size should be double the sample size to assure
homogenous cleaning across the sample. The size o f the ion beam can be changed by
adjusting the FOCUS thumb on the front panel o f the ion gun control unit.
(10) The bombardment time varies with the sample, the ion beam energy, and current you
are using.
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(11) The sample can be kept at high temperature or at room temperature during
bombardment.

Beam energy

Focus

Fig. A10 Argon ion gun controller

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

168

APPENDIX E
HEATING STAGE
To effectively heat the Ge sample to high temperature without introducing too
much background on the MCP, visible or invisible radiation from the sample and sample
holder should be decreased as much as possible. By direct passing the current through the
sample, the high temperature radiation is restricted mostly on the sample itself. The
sample was cut to strip in 4mm X 10mm. Mo was used to make the two electrodes at the
ends o f the sample. As shown in Fig. 1 (side view), the R-type thermocouple contacts the
back face o f the sample. The two electrodes are insulated from the rotation stage by 4
ceramic tubes with 2mm diameter.
Heating wire

Mo electrodes

Thermocoj
wire

Ceramic tube

Thermocouple

Fig. A 1 1 Side view o f the heating stage
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Fig. A12 Top view o f the heating stage
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APPENDIX F
AUGER SPECTROMETER

Auger electron spectroscopy senses the surface chemical components by measuring
the yield o f the Auger electron versus its energy. The probing depth o f the Auger
spectrometer is normally 1 to 5 atomic layers depending on the incident electron energy
(3 to 5 keV) and the target material

C M A 1 5 0 /1 0 0
M odu
la to r
C ftn n w ro n From
S fc e v
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A m p lif ie r

Pan Lit

Fig. A13 schematics o f the Auger spectrometer (From John H erm an PhD thesis)

Operation:

(1) Confirm the cable connections as indicated in Fig. A13.
(2) Align the sample to the electron beam, and position the manipulator in 220 degree,
where the incident electron beam is perpendicular to the sample surface.
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(3) Move the Auger electron gun and the Cylindrical M irror Analyzer (CMA) to the
sample as close as 1 cm. Refer to Fig. A14.
(4) Turn on the power o f electron gun and set the “filament current” to 2.4 A and refer to
Fig. A15.
(5) Turn the power o f the “spectrometer control” and refer to Fig. A15.
(6) Set the “first energy” to 15 V and refer to Fig. A15.
(7) Set the “sweep energy5’ to the desired range and refer to Fig. A15.
(8) Turn on the Lock-in amplifier, set the sensitivity as desired and refer to Fig. A16.
(9) Turn on the X-Y recorder, and assure the “Time base” is set to “off” position. Set the
appropriate sensitivity.
(10) Set the “electron energy” to 3 keV or 5 keV and refer to Fig. A15
(11) Push the “start” to begin data collection and refer to Fig. A15.
(12) Check the Handbook o f Auger Electron Spectroscopy to find out the chemical
components on the surface.

Supplier contact info:

Omicron Associates
1738 N Highland Road, Suite G101
Pittsburgh, PA 15241
Tel: 1-412-831-2262
Fax: 1-412-831-9828
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M ove the CMA
and electron
gun in and out

Fig. A14 Auger spectrometer assembly

Fig. A15 Auger spectrometer control unit
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Fig. A16 Lockin amplifier
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APPENDIX G
OPTICAL PYROMETER

All objects above 0 K emit infrared energy. The amount o f energy emitted is
proportional to the body or target temperature. Optical IR pyrometer senses the
temperature by collecting this energy, w hich is focused onto a sensitive IR detector by a
optical concentrating system.

Eyepiece

Front lens

Emissivity setting

Fig. A17 Optical IR pyrometer

Operation:

(1) Set the emissivity o f the target, for example, 0.46 for germanium.
(2) Plug in the AC power cord and connect the output of the pyrometer to a voltmeter.
(3) Target the sample in a direction perpendicular to the surface o f the sample.
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(4) Look through the eyepiece and move the lens in o r out as needed to bring the target
into focus.
(5) Focus the eyepiece by moving the knurled knob up and down until the small circle
become sharp and black.
(6) Temperature reads in 1 °C per mV.

M anufacturer contact info:

E2 Technology Corporation
Tel: 1-800-356-9544
Fax: 1-805-644-9584
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APPENDIX H
PHOTO-ACTIVATED ELECTRON GUN

This electron gun design uses two magnetic lenses to focus the electron beam to
0.5 mm in diameter. As shown in Fig. A18, the photocathode is Zinc sheet in 0.2 mm
thickness cut to a disc o f 1 inch in diameter. The cathode is operated at 20 keV without
breakdown. The surface o f the cathode was polished to mirror-like surface and cleaned
by ultrasound. The distance between the cathode and the grid with pinhole in diameter o f
200 um is 3.8 mm. This configuration results in an E-field more than 5 kV/mm, which is
very critical to decrease the space charge effect. The space charge effect comes from the
repulsive broaden o f the electron pulse. The way to overcome or decrease space charge
effect is to accelerate the electrons as quickly as possible from the cathode where the
electrons have kinetic energy very close to zero. The first focus magnetic lens has small
focus length o f about 19 mm. A permanent magnet was used to serve the purpose. Refer
to Fig. A18 to get the dimensions and manufacturer o f the magnet. The first magnet is in
vacuum. The second magnet is a coil with 30 turns per layer and 22 layers in total. The
copper wire o f the coil is 1mm in diameter. The coil magnet is operated at 2.4 A.

Operation

(1) Apply the voltage to the cathode not exceeds 1 kV per minute to 20 kV.
(2) Align the UV through the optical window until you see the strongest beam on the
screen.
(3) Using the deflection coils to pull the electron beam to the center o f the screen.
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(4) Apply the current to the magnetic coil, at the same time turn on the cooling fan. Fix
the current to 2.4 A. Normally the electron beam moves away from the center o f the
screen.
(5) Slightly align the coil until the electron beam moves back to the center o f the screen.
(6) Change the deflection coils current to move the electron beam to the sample to get
RHEED pattern.

This documentation includes:

(1) Configuration o f the electron gun refers to Fig. A18.
(2) Permanent magnet material parameters and manufacturer info.
(3) Pinhole manufacturer info.
(4) Specifications o f the 4.5 inch CF flange with high voltage feed through which can
operate at 20 kV, and manufacturer info, Fig. A19.
(5) Specifications o f Aluminum parts o f the electron gun ready for machine shop
operation.
(6) Photos o f the electron gun at different angles.
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Glossary o f Magnetic Terms
Coercive Force, He:
The demagnetizing force, measured in Oersteds, necessary to reduce observed induction,
B, to zero after the magnet has previously been brought to saturation.
Intrinsic Coercive Force, Hci:
Measured in Oersteds in the cgs system, this is a measure o f the materials inherent ability
to resist demagnetization. It is the demagnetization force corresponding to zero intrinsic
induction in the magnetic material after saturation. Practical consequences o f high Hci
values are seen in greater temperature stability for a given class o f material, and greater
stability in dynamic operating conditions.
Maximum Energy Product, BHmax:
The point on the Demagnetization Curve where the product o f B and H is a maximum
and the required volume o f m agn et material required to project a given energy into its
surroundings is a minimum. Measured in Mega Gauss Oersteds, MGOe.
Residual Induction, Br:
This is the point at which the hysteresis loop crosses the B axis at zero magnetizing force,
and represents the maximum flux output from the given magnet material. By definition,
this point occurs at zero air gap, and therefore cannot be seen in practical use o f magnet
materials.
Permanent magnet order information:
www. magnetsales. com
Tel: 310-391-7213
Fax: 310-390-4357
Pinhole order information:
Rolyn Optics
www.rolvn.com
Tel: 626-915-5707
Fax: 626-915-1379
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Contact Fred, ISI order tax: 941-751-3841
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Fig. A19 Flange with high voltage feed through and manufacturer information
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Material: Aluminum
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Fig. A20 Electron gun part #1
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Material: Aluminum, make 2
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Fig. A21 Electron gun part #2
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Material: Aluminum
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Fig. A22 Electron gun part #3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

184
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Fig. A23 Electron gun part #4
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Fig. A24 Photos o f the photoactivated electron gun
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APPENDIX I
MCP MAINTENANCE AND OPERATION

MicroChannel plates (MCP) are used to amplify the diffracted electron beams.
The amplification can reach as high as 107 depending on the applied voltage.

Maintenance:

(1) MCP should be always kept under vacuum.
(2) You must be very careful to handle MCP, since MCP is very fragile.
(3) Do not touch the surfaces o f MCP. If there is dusty on the surface, use dry N 2 to blow
it away.
(4) Always wear gloves when you handling MCP.

Ground

Voltage to
Phosphor
screen

Fig. A25 Voltage-apply configuration o f MicroChannel assembly
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Operation:

(1) Make sure the electrical connections are correct. (Refer to the above figure.)
(2) MCP can only be operated at a pressure o f 10'5 Torr or lower.
(3) Apply voltage to phosphor screen first in 100 V steps up to 1000 V, stay on each step
for 5 minutes. Stop when you reach 1000 V.
(4) Apply voltage to MCP in 100 V steps up to 1000 V, stay for 5 minutes on each step.
(5) Increase the voltage to phosphor screen in 100 V step up to 3000 V, stay on each step
for 5 minutes.
(6) Alternatively increase the voltages on MCP and phosphor screen in 50 V steps.
(7) Voltage o n MCP should not exceed 1800 V for Chevron and 1200 V for single MCP.
(8) Voltage on phosphor screen should not exceed 5000 V.

Contact information:

Galileo Electro-Optics Corporation
Galileo Park, P.O.Box 550
Sturbridge, M A 01566

Tel: 1-800-648-1800
Fax: 1-508-347-3849
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APPENDIX J
TIME-RESOLVED RHEED DATA ACQUISITION CONTROL

The time-resolved RHEED system data acquisition control is based on the OMA
image system software, which runs under MS DOS. The OMA4000 software supports
PASCAL. The data acquisition control program was written in PASCAL. By setting the
PIA OUTPUT o f the CCD camera control unit, you can generate a 5V output TTL level.
This 5V level is connected to the input o f the shutter drivers, which drive the open and
close states o f the shutters for UV beam and IR beam. Two data sets are created in the
extended memory, which corresponding to Channel A and Channel B. Channel A saves
the data without laser heating on the sample surface, where the IR shutter is closed during
the exposure time o f the CCD camera. Channel B saves the data with laser heating, where
the IR shutter is open during the exposure time o f the CCD camera. Be sure to save data
on the hard drive before you quit OMA software; otherwise it will be lost.

PIA
output (5V)

IR shutter
driver
UV shutter
driver

Fig. A26 Photos o f CCD camera and shutter drivers
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Operation:

(1) Turn on the power for the CCD camera.
(2) Turn on the cooling water o f the CCD camera, and make sure the water is circulating.
(3) Start the computer under MS DOS.
(4) Type: cd\par.
(5) Type: 4000, then the OMA4000 software is running.
(6) Key Alt+FlO, then you are under the Macro program mode.
(7) Under the bottom o f the screen, type: run(‘c:\data.pas’), then push the ENTER key.
(8) Follow the instructions o f the program to enter the parameters.
(9) The program will guide through the whole experiment.
(10) SAVE DATA TO HARD DRIVE BEFORE YOU QUIT OMA4000.

OMA4000 contact Information:

EG&G Princeton Applied Research
Tel: 1-609-587-9797 ext.194.

Source code:

PROGRAM control;

(**This program can control the shutter in a manner which**}
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(**can be set by the user. In the same tim e ct can collect**}
{**data before the curves are shown.

**}

var

Num_loopXOOPM,MOOPM,Num_data:INTEGER;
Last:WORD;
Zero: WORD;
Num_points:WORD;
Index_a,Index_b:INTEGER;
Back_a,Back_b:INTEGER;

£********* Procedure Name: Prepare for sarve *****}
{********* This procedure prepares for saving *****}
{********* data in the memory in an order

*****}

Procedure Pre_save;

begin

CREATE_CURVE_SET('A.DAT,,",",0);
CREATE_CURVE_SET(,B.DAT’,,,,"31);
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CREATE_CURVE_SETCBACBCA.DAT',", ",2);
CREATE_CURVE_SETCBACKB.DAT',",",3);

Index_a:=G_CURVE_SET_INDEX('A.DAT,,,,,0);
Index_b:=G_CURVE_SET_INDEX(,B.DAT',",0);

Back_a:=G_CURVE_SET_INDEX(,BACKA.DAT',",0);
B a c k b :=G_CURVE_S ET_INDEX(,B ACKB.D AT',",0);

CREATE_CURVE(Num_points,0,FALSE,CS [In d e x a ]. [0]);
CREATE_CURVE(Num_po ints,0,FALSE,CS[Index_b].[0]);

CREATE_CURVE(Nxim_po ints,0, FALSE, CS [B a c k a ]. [0]);
CREATE_CURVE(Num_points,0, FALSE, CS[Back_b].[0]);

end;

{********* Procedure Name:Get_Background_A *********}
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{********* This procedure makes the background *****}
^********* needed

Procedure Get_aBackground;

begin

S_ACCUM(FALSE);
GOLIVEO;

DS_OUTPIA(4); {Open IR shutter, keep UV shutter closed}

Last:=G_CURVE_SET_INDEX('lastliveV',0);
Back_a:=G_CURVE_SET_INDEX(,BACKA.DATV,,0);

INS_CURVE(CS [Last].[0],CS [Backja]. [0]);

end;

|********* Procedure Name:Get_Background_B ********* j.
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{********* This procedure makes the background *****}
{********* needed

**♦**}.

Procedure G etbBackground;

begin

S_ACCUM(FALSE);
GO_LIVE0;

DS OUTPIA(l); {Close IR shutter and open UV shutter}

Last:=G_CURVE_SET_INDEX('lastIive,,",0);
Back_b:=G_CURVE_SET_INDEX(rBACKB.DAT',,,,0);

ENS_CURVE(CS [Last]. [0],CS [Back_b]. [0]);

end;

***************************************************
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I************* Procedure Name: Main ********************}

begin

DS_0UTPIA(5); {Close UV and IR shutter}

{******Parameters input******}

WRITELNO;
WRITE('INPUT number o f data points *);
READLN(Num_data);

WRITELNO;
WRITE('INPUT Number o f pixels in a curve ');
READLN(Numjpoints);

WRITELNO;
WRITE('INPUT Number o f curves for doing average y,
READLN(Num_loop);

(******Data collection******}

Pre_saveO;
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FOR MOOPM:=l TO Num_data DO

begin

GetaBackgroundO;

GetbBackgronndO;

FOR LOOPM:=l TO N um joop DO

begin

S_ACCUM(FALSE);
G O LIV EO ;

DS_OUTPIA(0); {Open IR shutter, keep UV open}

Last:=G_CURVE_SET_INDEX(,lastlive',",0);
Index_a:=G_CURVE_SET_INDEX(,A.DAT,,”,0);

INS_CURVE(CS[Last],[0],CS[Index_a].[0]);
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S_ACCUM(FALSE);
GOLIVEO;

DS OUTPIA(l); {Close IR shutter, keep UV open}

Last :=G_CURVE_SETINDEX('last live',",0);
Index_b:=G_CURVE_SET_INDEX('B.DAT',",0);

IN S_CURVE(CS [Last]. [0],CS [Indexjb] -[0]);

end;

DS_OUTPIA(5); {Close UV and IR shutter}

WRITELNO;
WRITECMove the delay line and then key 0; DATA#:', MOOPM);
RE ADLN(Zero);

end;

end.
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